Méthodes acoustiques auto-calibrées en émission - réception pour l'étude et le suivi des propriétés non linéaires des matériaux et l'imagerie by ROBIN, Guillaume et al.
 UNIVERSITÉ FRANÇOIS - RABELAIS 
DE TOURS 
 
 
ÉCOLE DOCTORALE SST 
Équipe 6 du laboratoire : Imagerie et cerveau 
 
THÈSE  présentée par : 
Guillaume ROBIN 
 
soutenue le : 31 mai 2011 
 
 
pour obtenir le grade de : Docteur de l’université François - Rabelais 
Discipline/ Spécialité : Sciences de l’ingénieur / Ultrasons 
 
 
Méthodes acoustiques auto-calibrées en émission-réception pour 
l’étude et le suivi des propriétés non linéaires des matériaux  
et l’imagerie 
 
 
THÈSE dirigée par : 
FEUILLARD Guy Professeur, ENI Val de Loire 
 
Co-encadrée par : 
VANDER MEULEN François Maître de conférences, Université François-Rabelais de Tours 
 
RAPPORTEURS : 
DUQUENNOY Marc Professeur, Université de Valenciennes 
EL GUERJOUMA Rachid Professeur, Université du Maine 
 
 
JURY :  
DUQUENNOY Marc Professeur, Université de Valenciennes 
EL GUERJOUMA Rachid Professeur, Université du Maine 
FEUILLARD Guy Professeur, ENI Val de Loire 
VANDER MEULEN François Maître de conférences, Université François-Rabelais de Tours 
WILKIE-CHANCELLIER Nicolas Maître de conférences, Université de Cergy-Pontoise 
 

 !"#$%&'(#)#+ "#,- .# )/0 12# 342) 5/))#
6 ,#, #''#2',7 8
9,4' :(.5#

 !"!#%!"!&'(
 ! "#$%$&' (! ")*+! +,!+" (-#./'- $/ +!&0 (! ',-1/&2!  $#$"-#&+$"&.0 4'"#$+.0.#! !"
5&!6.-'!"#&+&"- (/ '$7.#$".&#! 89$:!#&! !"  !#%!$/;
<! "&!0+ = !>2#&9!# 9!+ +&0*#!+ #!9!#&!9!0"+ = 9!++&!/#+ ?/@ A!/&''$#( !" A#$0B.&+
C$0(!# D!/'!0 2./# $%.&# (&#&:- .0E.&0"!9!0" ! "#$%$&'; 40 :#$0( !" )$'!/#!/> 9!#&
2./# !+ 9.9!0"+ (! 2$#"$:! $9&$/> !" +&!0"&F1/!+;
<! #!9!#&! %&%!9!0" 9.0+&!/# G$)&( H' ?/!#E./9$ 2./# 9,$%.&# I$&" ',).00!/# (!
2#-+&(!# '! E/#@ $&0+& 1/! 9.0+&!/# D$# J/1/!00.@ 2./# '!/#+ #!9$#1/!+ 2!#"&0!0"!+ +/# !
9-9.&#!; <! #!9!#&! -:$'!9!0" 9.0+&!/# K&.'$+ L&'M&!N )$0!''&!# 2./# +$ 2$#"&&2$"&.0
= '$ +./"!0$0! (! ")*+! !" = '$ .''$7.#$"&.0 +/# '! "#$%$&' 2.#"$0" +/# '! ")*9! (!+
9$"-#&$/> O.'N?!';
<! %./(#$&+ #!9!#&!# '!+ 9!97#!+ (! ',-1/&2! P8D (/ '$7.#$".&#! OQP8H 2./# '!/#
.''$7.#$"&.0 +/# '! 2#.E!" +.'N:!'; D!#& 2./# '!/# $/!&' 2.0"/!' $/ +!&0 (! '!/#+ '.$/>R
'!+ .'&+ (!+ 2#-&!/> 9-'$0:!+R !" '!/#+ #&"&1/!+ $/"./# (/ "#$%$&' 2#-+!0"-;
D!#& = ',!0+!97'! (!+ .''*:/!+ (! ',-1/&2! 2./# 0.+ -'$"+ (! #&#!R 0.+ (&+/++&.0+
+&!0"&F1/!+ ./ 2.'&"&1/!+ ;;;
D!#& = ',!0+!97'! (!+ .''*:/!+ (! ',-.'! (,&0:-0&!/#+ 2./# '! +./"&!0 !" 0.+ -)$0:!+
$/"./# (! ',!0+!&:0!9!0" !" (!+ 1/!+"&.0+ 2-($:.:&1/!+;
H0F0R 9!#& = 9!+ 2$#!0"+ !" 9.0 I#*#! 2./# '! +./"&!0R = 9!+ $9&+ 2./# $%.&# -"-
.92#-)!0+&I+ !" 2./# '!+ 7.0+ 9.9!0"+ 2$++-+ !0+!97'!R = !/> 1/& 9! +/22.#"!0" 2$#I.&+
$/ 1/."&(&!0;
S
 !"! #$!"!%&'
(
 !"#$ %$& '!()*+$&
 !"#$%&"($! )*
* +,&-"($!. %/ 01-$&."(,&/ 0(!2-(#/ /" !$! 0(!2-(#/ )3
 ! "#$#&'$()&(*+,) -,) ./-,) +0&$#)./.$,) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 12
 !1 3440(#&(./) #+ )+(5( -,) 4$.4$('&') 4#$ +0&$#)./) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 16
 !1! 7(&,)), -,) ./-,) +0&$#)./.$,) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 16
 !1!1 3&&'/+#&(./ -,) ./-,) +0&$#)./.$,) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 8 
 !1!8 9#$#:;&$, /./ 0(/'#($, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 81
 !8 <*+#&(./) -, 0# 4$.4#=#&(./ ->./-, #.+)&(*+, #+ -,+?(;:, .$-$, ! ! ! ! ! ! 8@
 !@ A'B/(&(./ ,& (/&,$4$'&#&(./ -+ 4#$#:;&$, /./ 0(/'#($, ! ! ! ! ! ! ! ! ! ! ! ! ! 8C
 !@! A'B/(&(./ -+ 4#$#:;&$, /./ 0(/'#($, B/A ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 8C
 !@!1 D/&,$4$'&#&(./ 4EF)(*+, -+ .,G(,/& /./ 0(/'#($, ! ! ! ! ! ! ! ! ! ! ! 82
 !H <*+#&(./ IJI ,& ),) #44$.?(:#&(./) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @K
 !H! 344$.?(:#&(./ 4#$#L.0(*+, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @K
 !H!1 344$.?(:#&(./ *+#)(M0(/'#($, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @ 
 !N A'.:4.)(&(./ ,/ ).::, -, =#+))(,//,) ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @1
 !N! A()&$(L+&(./ $#-(#0, -, 0# 5(&,)), ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @1
 !N!1 9$,))(./ O 0# P$'*+,/, P./-#:,/&#0, ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @H
 !N!8 9$,))(./ O 0# P$'*+,/, E#$:./(*+, 2 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! @6
) 4#(!(5/ %/. 6/.&#/. &0"#-.$!$#/. 0(!2-(#/ /" !$! 0(!2-(#/ 78
C
 !"#$ %$& '! ()*$&
+,- './0123 45/16489:;.3 23 <3=5;3 25 >4;4<?/;3 @1@ 89@.49;3 B/A 3@ .<9==91@6
;.3>/91@ , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , AB
+,-,- C;9@9>3 , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , AB
+,-,+ &3@=9:989/.= 25 /;4@=25/35; 3@ 1@/4/ , , , , , , , , , , , , , , , , , AA
+,-,D E1@/91@= 23 /;4@=F3;/ 3@ .<9==91@ 3/ 3@ ;.3>/91@ , , , , , , , , , , , AG
+,+ %./3;<9@4/91@ 23= >4;4<?/;3= 89@.49;3= , , , , , , , , , , , , , , , , , , , , , HI
+,+,- $J>;3==91@ 23 84 >;3==91@ ;3K53 , , , , , , , , , , , , , , , , , , , , , HI
+,+,+ L.8.;9/. 23= 1@23= 58/;4=1@1;3= , , , , , , , , , , , , , , , , , , , , , H-
+,+,D !//.@54/91@ 23= 1@23= 58/;4=1@1;3= , , , , , , , , , , , , , , , , , , , H-
+,D %./3;<9@4/91@ 25 13M93@/ @1@ 89@.49;3 , , , , , , , , , , , , , , , , , , , , HB
+,D,- $J>;3==91@ 23 84 >;3==91@ N 84 F;.O53@3 04;<1@9O53 2 ;3K53 , , , , , HB
+,D,+ (@P53@3 25 ;.P3/35; , , , , , , , , , , , , , , , , , , , , , , , , , , HH
+,D,D $J>;3==91@ 25 13M93@/ @1@ 89@.49;3 β , , , , , , , , , , , , , , , , HG
 !"#$%&'(')*& +, +)$-*$)'). %/-#")0%&'(1 %' +% $( 2(1)+(')*& 34
D,- '1@/4Q3 3J>.;9<3@/48 , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , G+
D,-,- %9<3@=91@@3<3@/ 23 84 388583 23 <3=5;3 , , , , , , , , , , , , , , , GD
D,-,-,- '4/.;945 1@=/9/54@/ 84 388583 , , , , , , , , , , , , , , , , GD
D,-,-,+ R.1<./;93 23 84 388583 , , , , , , , , , , , , , , , , , , , , GD
D,-,-,D %9<3@=91@@3<3@/ 23 84 >4;19= 23 84 388583 , , , , , , , , , GA
D,-,+ R.@.;4/91@ 23= =9Q@45J 58/;4=1@1;3= , , , , , , , , , , , , , , , , , , GH
D,-,+,- R.@.;4/91@ .83/;9O53 04;<1@9O53 , , , , , , , , , , , , , , GH
D,-,+,+  ;4@=25/35; 3/ =3= F;.O53@3= 2S5/989=4/91@= , , , , , , , , , GT
D,-,D !O59=9/91@ 23= =9Q@45J 58/;4=1@1;3= , , , , , , , , , , , , , , , , , , TI
D,-,D,- &1@23= 23 <3=5;3= , , , , , , , , , , , , , , , , , , , , , , , TI
D,-,D,+ &U=/?<3 2S4O59=9/91@ , , , , , , , , , , , , , , , , , , , , , TI
D,-,D,D  3<>.;4/5;3 , , , , , , , , , , , , , , , , , , , , , , , , , , T-
T
 !"#$ %$& '! ()*$&
+,-  ./0123241 526 6074/89 8:1./6;4;.26 , , , , , , , , , , , , , , , , , , , , , , <-
+,+ =/:05/10;4 58 506>;6010? 29>@.03241/: , , , , , , , , , , , , , , , , , , , , , , <A
+,+,B '268.26 526 >/./3C1.26 8:1./6;4;.26 58 3@1D/4;: , , , , , , , , , , <E
+,+,- '268.26 526 >/./3C1.26 8:1./6;4;.26 52 :F2/8 24 ?;410;4 52 :/ 123H
>@./18.2 , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , IJ
 !""#$&'$() &*+ ,$#$-*+ -) ./(#*'$() 0 #-1 ,&'.2$&*+ 31(#45-#6 78
K,B L/./1@.0610M826 58 3/1@.0/8 6;:H72: , , , , , , , , , , , , , , , , , , , , , , IE
K,B,B N061;.0M82 58 >.;C52 6;:H72: , , , , , , , , , , , , , , , , , , , , , , IE
K,B,- %26.0>10;4 58 >.;@5@ 6;:H72: , , , , , , , , , , , , , , , , , , , , , , IO
K,B,+ PQ;:810;4 52 :/ 123>@./18.2 :;.6 58 >.;@5@ 6;:H72: , , , , , , , , , , II
K,B,K L04@10M826 58 3/1@.0/8 6;:H72: , , , , , , , , , , , , , , , , , , , , , BJJ
K,- '268.26 526 >/./3C1.26 Q06;H@:/610M826 5/46 :26 3/1@.0/89 6;:H72: R P1/1 52
:F/.1 , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , BJ-
K,+ '268.26 526 >/./3C1.26 /;8610M826 R *@68:1/16 29>@.03241/89 , , , , , , , BJE
K,+,B S.;1;;:2 29>@.03241/: , , , , , , , , , , , , , , , , , , , , , , , , , , BJE
K,+,- $T21 52 :/ /:0U./10;4 , , , , , , , , , , , , , , , , , , , , , , , , , , BJI
K,+,+ L@:@.01@ 526 ;4526 8:1./6;4;.26 , , , , , , , , , , , , , , , , , , , , , BBB
K,+,K !11@48/10;4 526 ;4526 8:1./6;4;.26 , , , , , , , , , , , , , , , , , , , BBA
K,+,A S/./3C1.2 4;4 :04@/0.2 , , , , , , , , , , , , , , , , , , , , , , , , , , BBI
K,+,E  23>6 /./1@.0610M826 291./016 526 >/./3C1.26 /;8610M826 , , , , , B-K
8 9,&5-2$- :* "&2&,;'2- <=! >?7
A,B P1852 >.@:0304/0.2 R ?/06/U0:01@ 52 :F03/72.02 58 >/./3C1.2 4;4 :04@/0.2 , , , B+J
A,B,B S.040>2 52 :/ 3@1D;52 5F03/72.02 , , , , , , , , , , , , , , , , , , , B+J
A,B,- V/41326 8:1./6;4;.26 , , , , , , , , , , , , , , , , , , , , , , , , , , B+B
A,B,+ $9>.2660;4 58 D/3> 52 >.2660;4 X :/ ?.@M8242 D/.3;40M82 2 .2Y8 , B+-
A,B,K '268.26 >.@:0304/0.26 /Q2 84 1./4658128. >:/4 , , , , , , , , , , , B+K
I
 !"#$ %$& '! ()*$&
+,-,+ './01340.5 /67 689:6770.57 9.;: <6 3<;< /67 =3>97 /6 9:6770.5
/?;5 4:357/;46;: @.3<07A , , , , , , , , , , , , , , , , , , , , , , , , -BC
+,D %079.7040@ 689A:0>6543< >./01A , , , , , , , , , , , , , , , , , , , , , , , , , -EF
+,D,- G=.08 /6 <3 @:AH;656 , , , , , , , , , , , , , , , , , , , , , , , , , , -EF
+,D,D G=3>97 /6 9:6770.5 I <3 @:AH;656 @.5/3>6543<6 64 =3:>.50H;6 2 , , -E-
+,D,B J3<0/340.5 689A:0>6543<6 /; /079.7040@ >./01A , , , , , , , , , , , , , -EB
+,B (>3K6:06 /; 93:3>L4:6 5.5 <05A30:6 B/A /?;5 @354>6 .5465354 /6;8 N;0/67-E+
+,B,- &6570O0<04A I <?A930776;: /6 <3 <3>6 /?63; , , , , , , , , , , , , , , , , -EC
+,B,D &6570O0<04A I <?A930776;: /; @354>6 , , , , , , , , , , , , , , , , , , , -EP
 !"$%&'!" ()")*+$, -.-
-F
 !"#$ %$" #&'($&)*
 ! "#$ &#'(#)*$ An #* Bn +# ,- +.&/0&$(*(&) #) $&//# +# 1-2$$(#))#$
-,2,.$ 3 ,4&5+5# 15! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! 66
7! 8&/0-5-($&) +#$ +(9.5#)*#$ 5(*:5#$ +# 0#5;&5/-)#$ +#$ ;#)<*5#$ +4-)-,=$#$
0&25 ,- *5-)$;&5/. +# >&255(#5 5-0(+#! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ?7
7!@ 8.,.5(*. #* -**.)2-*(&) +#$ &)+#$ 2,*5-$&)&5#$ +-)$ ,4#-2 #* +-)$ ,# /.*A-)&,
($$2#$ +-)$ ,- ,(**.5-*25# 0&25 2)# *#/0.5-*25# +# 25o8! ! ! ! ! ! ! ! ! ! ! ! ?B
7!7 8.,.5(*. #* -**.)2-*(&) +#$ &)+#$ 2,*5-$&)&5#$ +-)$ ,# /.*A-)&, ($$2#$ +# ,-
,(**.5-*25# #* /#$25.#$ 0-5 ,- /.*A&+# -2*&C-,(D5.# 0&25 2)# *#/0.5-*25#
+# 25o8 #* 2)# ;5.E2#)# #)*5-,# +# ,4(/02,$(&) +# 2, 05 FGH! ! ! ! ! ! ! ! ?I
7!6 8&/0-5-*(; +#$ 0-5-/:*5#$ #* &#'(#)*$ )&) ,().-(5# #J*5-(*$ +# ,- ,(**.5-C
*25# K8&00#)$  ! "#$L  MNBL O#=#5L  MI6L P-(*&  ! "#$L @QQN℄ -S# #2J /#$2C
5.$ 0-5 ,- /.*A&+# -2*&C-,(D5.# +-)$ +2 /.*A-)&, 3 25o8! ! ! ! ! ! ! ! ! ! ?M
7!B T**.)2-*(&) +#$ &)+#$ 2,*5-$&)&5#$ #) U0V/ +-)$ ,4#-2 0&25 *5&($ *#/0.C
5-*25#$ /#$25.# #* #,,# ($$2# +# ,- ,(**.5-*25# KP#,;5(+1#L  M?B℄! ! ! ! ! ! ! ! M 
6! W#/0$ -5-*.5($*(E2#$ ($$2$ +# )&$ /#$25#$ 2,*5-$&)&5#$ +-)$ 2) /-*.5(-2
$&,C1#, -S# 2) *-2J +4A=+5&,=$# Xh = 4Y 0&25 +(9.5#)*#$ *#/0.5-*25#$ +#
&)$(1)#! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  @6
  
 !"#$ %$" #&' $&()
*+
 !"#$ %$& '()*$&
 ! "#$%&'$#&( (&( )#(*+#', -, ).&(-, /)%'+$&(&', +/ &/'$ -, )+ 1'&1+2+%#&( -+($
), -&3+#(, %,31&',) ,% $&( #31+% -+($ ), -&3+#(, 4'*5/,(%#,)! ! ! ! ! ! ! ! 67
 !8 931)#%/-, (&'3+)#$*, -/ :+31 -, 1',$$#&( +)/)*, ; ).+#-, -, )+ -*&3<
1&$#%#&( ,( $&33, -, 2+/$$#,((,$ = >+? $/#@+(% ).,($,3A), -,$ -#3,($#&($
$1+%#+),$B >A? $/#@+(% ).+C, -, 1'&1+2+%#&(B >? ; )+ $/'4+, -/ %'+($-/%,/'
,% >-? $/' ).+C, %'+($@,'$+), ; )+ -#$%+(, -, )+ )#3#%, -/ :+31 1'&:, -/
%'+($-/%,/'! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DE
 !6 F&31+'+#$&( -, )+ 4&(%#&( -, -#G'+%#&( +)/)*, $/' ).+C, -, 1'&1+2+%#&(
1+' ).,C1',$$#&( ,C+%, -, H&33,) >@,'%? ,% ,)), 1+' )+ -*&31&$#%#&( ,(
$&33, -, 2+/$$#,((,$ >A),/?! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! DI
 !D 931)#%/-, (&'3+)#$*, -/ :+31 -, 1',$$#&( -, )+ 4'*5/,(, :+'3&(#5/, ',J/
1+' /( %'+($-/%,/' >%'+#% 1),#(? ,% 1+' /( '*,1%,/' 1&(%/,) >1&#(%#))*? $/'
).,($,3A), -, )+ 1'&1+2+%#&( +)/)*, ; ).+#-, -, )+ -*&31&$#%#&( ,( $&33,
-, 2+/$$#,((,$! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! D7
8! K:*3+ *),%'#5/, -/ %'+($-/%,/' +&/$%#5/, -*L(#$$+(% $+ $&/', -, %,(<
$#&( ,% $&( #31*-+(, *),%'#5/, ,% -*'#@+(% ), 1'#(#1, -, )+ 3*%:&-,
+/%&<+)#A'*, +#($# 5/, ),$ &/'+(%$ ,% %,($#&($ -, ).,(%'*, ,% -, $&'%#, +/C
A&'(,$ -/ %'+($-/%,/'! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! MM
8!8 N,$/', -, ).+%%*(/+%#&( -+($ /( 3+%*'#+/ $&)<2,) +@, >(&#'? ,% $+($ >'&/2,?
)+ 1'#$, ,( &31%, -, )+ 4&(%#&( -, %'+($4,'% -/ %'+($-/%,/'! ! ! ! ! ! ! ! ! E8
 6
 !"#$ %$& '()*+$&
,-. /0123435617 89 :3 209;;617 < :3 =0>?@979 B30C176?@9 2 4>7>0>9 < :D675>069@0
837; @7 C>:3749 93@EC>5B371: ;6C@:375 :D>535 676563: 8@ C35>063@ 8D>5@89
3:@:>9 40F9 < :3 8>1C21;65617 97 ;1CC9; 89 43@;;69779; 3G9 @7 0>H9I
59@0 J3:@C676@CK 8175 :D6C2>8379 31@;56?@9 9;5 2:@; 403789 ?@9 9::9 8@
C35>063@ 8D>5@89- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - LM
,-N /0123435617 89 :3 209;;617 < :3 =0>?@979 B30C176?@9 2 4>7>0>9 < :D675>069@0
8@ C35>063@ 8D>5@89 3:@:> 40F9 < :3 8>1C21;65617 97 ;1CC9; 89 43@;I
;69779; 3G9 @7 0>H959@0 J360K 8175 :D6C2>8379 31@;56?@9 9;5 2:@; =36O:9
?@9 9::9 8@ C35>063@ 8D>5@89- - - - - - - - - - - - - - - - - - - - - - - - - - - LP
.-Q &B>C3 8@ 86;21;656= 9R2>06C9753: 3;;@0375 :3 C9;@09 89; 2303CS509; @:503I
;17109; :67>3609; 95 717I:67>3609 8@ C35>063@ 2:3> < :D675>069@0 89 :3 9::@:9
89 C9;@09- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P,
.-, T3:@: 89; B3C2; 89 209;;617 < :3 =0>?@979 =1783C9753:9 710C3:6;> ;9
2012349375 837; 89@R C35>063@R 8D>5@89 3U375 @79 G659;;9 89; 1789; @:503I
;17109; 86V>09759; 09@96::6; < :3 ;@0=39 8D@7 0>9259@0 2175@9: J3K 95 89
86C97;617 W769 JOK- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PN
.-. X@9 97 290;2956G9 89 :3 9::@:9 89 C9;@09 230 :3 C>5B189 3@51I3:6O0>9 3G9
;9; 86C97;617; 4>1C>506?@9; 97 C6::6CS509;- - - - - - - - - - - - - - - - - - - PM
.-N !C2:65@89; 8@ ;29509 8@ 1@0375 8D9R6535617 97 8" >C6;;975 230 :9 4>7>03I
59@0 89 =175617; 30O6503609; 1@2:> 3G9 :D3C2:6W359@0 89 2@6;;379 J01@49K
95 :9 &Y!/ JO:9@K- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PP
.-M +>217;9; =0>?@97569::9; 710C3:6;>9; 8@ 5037;8@59@0 J 9B76;176Z (&#I[.[.I
X\+K 8D@79 6C2@:;617 201234>9 837; 40 CC 8D>236;;9@0 8D93@- - - - - - - - P]
.-L &29509 8D@7 ;6473: 30O6503609 3U375 @79 1C21;3759 B30C176?@9 8D10809
89@R 230 :3 5037;=10C> 89 '1@00690 032689 @56:6;375 @79 21059 095374@:3609
J1@0O9 97 O:9@KZ :3 =97^509 89 \377 J1@0O9 97 01@49K 95 :3 =97^509 H35I512
J1@0O9 97 7160K- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _N
QN
 !"#$ %$& '()*+$&
,-. &/01234 56789:6;< =7/< 65 :6>3< 234 ?9:16< @3 5:21<@3563: @21< ;6 7=5B2C
19; D 25oC 893: 316 :2786 61 561</91 2;;215 @6 30 D 90 E9;5< F G2H ;6 93:215
@I615:=6J G?H ;2 561</91 @I615:=6J GH ;6 93:215 @6 <9:5/6 65 G@H ;2 561</91 @6
<9:5/6- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - KK
,-K L:6<</91 D ;IB2:791/M36 @I9:@:6 @634 :6>36 61 N915/91 @6 ;2 8:6<</91 D ;2
N:=M3616 N91@276152;6 =7/<6 23 2::= @21< @3 7=5B219; D ;2 5678=:253:6
@6 25oO- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - KP
,-P Q6<3:6< @6 ;2 =;=:/5= @6< 91@6< 3;5:2<919:6< @21< ;I623 61 N915/91 @6 ;2
5678=:253:6 @21< ;6 R3/@6 G61 89/15 ?;63H 65 ;2 79@=;/<25/91 @3 9789:56C
7615 @6 ;2 =;=:/5= 82: #3??6:< S#3??6:< 65 ):22TJ UPPK℄ G61 89/15 19/:H- - - PU
,-UW Q6<3:6< @6 ;I255=1325/91 @6< 91@6< 3;5:2<919:6< @21< ;I623 61 N915/91 @6 ;2
5678=:253:6- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PX
,-UU Q6<3:6< 3;5:2<919:6< @3 82:27Y5:6 191 ;/1=2/:6 @21< ;I623 61 N915/91 @6 ;2
5678=:253:6 82: ;2 7=5B9@6 2359C2;/?:=6 G61 89/15 ?;63H 65 82: ;2 7=5B9@6
5B6:79@Z127/M36 8:989<= 82: [9<B/\37/ G61 5:2/5 89/15/;;= 19/:H- - - - - - - P,
]-U L:96<<3< @6 0=;/^25/91- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PK
]-X _`9;35/91 @6 ;2 5678=:253:6 23 93:< @6 ;2 N9:725/91 @I31 06; G5Z86 h = 4H
893: 316 5678=:253:6 @6 91</016 @6 30oO- - - - - - - - - - - - - - - - - - - PP
]-, O/1=5/M36 @6 :=25/91 61 N915/91 @6 ;2 5678=:253:6 893: 31 725=:/23 <9;C06;
D ?2<6 @6 </;/6 2`6 23 5234 @IBZ@:9;Z<6 =02;6 D 4 Sa3;@ $B<<6/1  ! "#$J XWWb℄-UWW
]-] O9782:2/<91 @6< 5678< @6 0=;/^25/91 tg G:B=9;90/6 @6 936556H 65 tvs G:=<9C
12563: D M32:5\H 61 N915/91 @3 5234 @IBZ@:9;Z<6 893: @6< 725=:/234 <9;C06;
5Z86  Qa& 893: 316 5678=:253:6 @6 91</016 @6 25oO Sa3;@ $B<<6/1  ! "#$J XWWb℄-UWU
]-c %/20:2776 @3 8:9599;6 @I2M3/</5/91 @6< </01234 =;65:/M36< @I615:=6< 65
@6 <9:5/6< 234 ?9:16< @3 5:21<@3563: 2/1</ M36 @6 ;2 5678=:253:6 @3 7/;/63
@I=53@6- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - UW.
]-b Q9@3;6 @6 ;2 N915/91 @6 5:21<N6:5 @3 5:21<@3563: 61 =7/<</91 893: 31
725=:/23 <9;C06; 5Z86  Qa& 2`6 31 5234 @IBZ@:9;Z<6 @6 4- - - - - - - - - - UUW
Uc
 !"#$ %$& '()*+$&
,-. /0102340 567 89567 :142;7898267 64 789 ;<:746=694 =67:207 5;97 :9 =;4023;:
781>?61 4@A6  BC& ;D6 :9 4;:F 5GH@5281@76 56 4 A8:2 :96 46=A02;4:26 56
8973?96 56 23o/- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - III
,-J K;23;43897 56 1; 0102340 8=A697067 69 46=A02;4:26 5;97 :9 =;4023;: 781>
?61 4@A6  BC& ;D6 :9 4;:F 5GH@5281@76 0?;16 L 4 A8:2 :96 46=A02;4:26
56 8973?96 56 23o/- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - IIM
,-N %6:F =67:267 56 1; 0102340 567 89567 :142;7898267 5;97 :9 =;4023;: 781>?61
4@A6  BC& ;D6 :9 4;:F 5GH@5281@76 56 4 A8:2 567 895343897 56 46=A02;>
4:26 56 8973?96 356943O:6- - - - - - - - - - - - - - - - - - - - - - - - - - - - - IIP
,-IQ B67:267 56 1; 0102340 567 89567 :142;7898267 5;97 :9 =;4023;: 781>?61 4@A6
 BC& ;D6 :9 4;:F 5GH@5281@76 56 4 A8:2 53R0269467 46=A02;4:267 56
8973?96- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - II,
,-II K;23;43897 56 1; 0102340 8=A697067 69 46=A02;4:26 5;97 :9 =;4023;: 781>
?61 4@A6  BC& ;D6 :9 4;:F 5GH@5281@76 56 4 A8:2 53R0269467 46=A02;4:267
56 8973?96- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - IIS
,-IM B67:26 56 1G;4409:;4389 5;97 :9 =;4023;: 781>?61 4@A6  BC& ;D6 :9 4;:F
5GH@5281@76 0?;1 L 4 ;: 8:27 56 7; T82=;4389 A8:2 :96 46=A02;4:26 56
8973?96 56 25o/- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - II.
,-IP B67:267 56 1G;4409:;4389 ;: 8:27 5: 46=A7 5;97 :9 =;4023;: 781>?61 4@A6
 BC& ;D6 :9 4;:F 5GH@5281@76 0?;16 L 4 A8:2 53R0269467 46=A02;4:267 56
8973?96- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - IIN
,-I, B67:26 5: A;2;=U426 989 1390;326 5;97 :9 =;4023;: 781>?61 4@A6  BC& ;D6
:9 4;:F 5GH@5281@76 0?;1 L 4 ;: 8:27 56 7; T82=;4389 A8:2 :96 46=A02;4:26
56 8973?96 56 23o/- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - IMQ
,-IS B67:267 5: A;2;=U426 989 1390;326 5;97 :9 =;4023;: 781>?61 4@A6  BC&
;D6 :9 4;:F 5GH@5281@76 0?;1 L 4 5;97 167 =V=67 895343897 56 46=A02;4:26
56 8973?96 7834 23o/- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - IMM
,-IW B67:267 5: A;2;=U426 989 1390;326 β :9 =;4023;: 781>?61 4@A6  BC& ;D6
:9 4;:F 5GH@5281@76 0?;1 L 4 A8:2 53R0269467 46=A02;4:267 56 8973?96- - - - IMM
IW
 !"#$ %$& '()*+$&
,-./  0123 5657869379:;03 933;3 <03 25651=7603 ;>7653?@9:;03 ?125683 5A0
0;B 933;3 <0 >5 >9778657;60 2?;6 <03 1578695;B 3?>CD0> E F530 <0 39>90 5A0
;@ 75;B <GHI<6?>I30 <0 4 2?;6 <9J860@703 70128657;603 <0 ?@39D@0- - - - - - .KL
,-.M  0123 5657869379:;03 933;3 <0 >5 103;60 <0 8>86978 ?125683 5A0 0;B
933;3 <0 >5 >9778657;60 2?;6 <03 1578695;B 3?>CD0> E F530 <0 39>90 5A0 ;@
75;B <GHI<6?>I30 <0 4 0@ N?@79?@ <0 >G9@A0630 <0 >5 70128657;60 <0 ?@39D@0- .KO
,-.P  0123 5657869379:;03 933;3 <0 >5 103;60 <0 >G5778@;579?@ ?125683 5A0
0;B 933;3 <0 >5 >9778657;60 2?;6 <03 1578695;B 3?>CD0> E F530 <0 39>90 5A0
;@ 75;B <GHI<6?>I30 <0 4 0@ N?@79?@ <0 >G9@A0630 <0 >5 70128657;60 <0 ?@39D@0-.K/
,-KQ  0123 5657869379:;03 933;3 <0 >5 103;60 <; 25651=760 @?@ >9@85960 ?125C
683 5A0 0;B 933;3 <0 >5 >9778657;60 2?;6 <03 1578695;B 3?>CD0> E F530 <0 39>90
5A0 ;@ 75;B <GHI<6?>I30 <0 4 0@ N?@79?@ <0 >G9@A0630 <0 >5 70128657;60 <0
?@39D@0- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .KM
L-. &H815 <0 269@920 20610775@7 >G915D0690 <; 25651=760 @?@ >9@85960 <G;@
N5@710 5I5@7 <03 26?2698783 A93?C8>5379:;03 <9J860@703 3;9A5@7 >5 <96079?@
y- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .SQ
L-K T60339?@ E >5 N68:;0@0 H561?@9:;0 2 60U;0 0@ N?@79?@ <; 5668 <0 >5 2603C
39?@ 81930 E >5 N68:;0@0 N?@<510@75>0 <5@3 ;@ N5@710 <G05; VF>0;W 07 ;@
N5@710 <0 187H5@?> V6?;D0W 5>;>80 256 >5 <8?12?3979?@ 0@ 3?110 <0
D5;3390@@03 V76597 2>09@W 07 103;680 256 ;@ 765@3<;70;6 2>5@ V2>;3W 5A0
;@0 70128657;60 <0 20oX- - - - - - - - - - - - - - - - - - - - - - - - - - - - - .SL
L-S &91;>579?@ <03 H5123 <0 260339?@ @?615>9383 E >5 N68:;0@0 H561?@9:;0
2 D8@8683 <5@3 >5 >510 <G05; V6?;D0W 07 <5@3 >0 N5@710 V@?96W <5@3 >0 53
<G;@ 765@3<;70;6 2>5@ V2?9@79>>8W 07 <G;@ 765@3<;70;6 N?5>938 V76597 2>09@W
3;9A5@7 >5 <9375@0 <0 26?25D579?@ z- - - - - - - - - - - - - - - - - - - - - - - .SO
L-, '?@79?@ <0 <9J6579?@ 5>;>80 3;6 >G5B0 <0 26?25D579?@ E 256796 <0 >5 <8C
?12?3979?@ 0@ 3?110 <0 D5;3390@@03 0@ F>0; 07 256 >0 1?<=>0 <0 &H1066
0@ 6?;D0 2?;6 ;@ 765@3<;70;6 N59F>010@7 N?5>938 5A0 ;@0 <9375@0 N?5>0
<0 1, 2Y- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .SM
./
 !"#$ %$& '()*+$&
,-, &/012 34 356786595: ;<70=51;>92? 7;=1;992>9 ?@512A;=5; 34 72=21B9=; >8>
?5>025=; B/A 3@4> :2>91;- - - - - - - - - - - - - - - - - - - - - - - - - - - - DEF
,-G !17?5943;6 >8=12?560;6 34 /217 3; 7=;6658> H ?2 :=0I4;>; :8>321;>92?;
JK?;4L ;9 /2=18>5I4; H ?@8=3=; 3;4< J=84A;L 34 9=2>6349;4= :82?560 H 1, 2M
32>6 ?@;24 645N2>9 ?@2<; z 1;64=06 72= ?@/O3=87/8>; J9=259 7?;5>L ;9 2?4?06
72= ?2 30817865958> ;> 6811; 3; A24665;>>;6 J95=;96L- - - - - - - - - - - - - DED
,-P Q2=98A=27/5; 34 /217 3; 7=;6658> H ?2 :=0I4;>; :8>321;>92?; 0156 J2L ;9
H ?2 :=0I4;>; /2=18>5I4; 2 A0>0=0 JKL 32>6 ?@;24 645N2>9 ?@2<; 9=2>6N;=62?R
yR 34 9=2>6349;4= :82?560 H 1, 2M 2?4?0; 72= ?2 30817865958> ;> 6811;
3; A24665;>>;6- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DES
,-T U=;6658> H ?2 :=0I4;>; /2=18>5I4; 2 =;V4; ;> :8>958> 34 2==0 3; ?2 7=;6W
658> H ?2 :=0I4;>; :8>321;>92?; 0156; 1;64=0; 32>6 4> :2>91; 3@;24 J7?46
K?;4L ;9 32>6 ?; :2>91; 3; 109/2>8? J7?46 =84A;L X ;9 2?4?0; 72= 2Y469;W
1;>9 3; βf H 72=95= 3; ?2 30817865958> ;> 6811; 3; A24665;>>;6 784=
309;=15>;= ?; 72=21B9=; >8> ?5>025=; J9=259 7?;5>L- - - - - - - - - - - - - - - - DEE
,-Z [;64=; 34 72=21B9=; >8> ?5>025=; B/A ?8=6 34 K2?2O2A; N;=952? 34 :2>91;
8>9;>2>9 3;4< \453;6- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DE,
,-DF U/898A=27/5; 34 :2>91; ;>9=0; 64= ?@5>9;=:2; ;> ?;6 3;4< \453;6- - - - - - DEG
,-DD Q/2176 3; 7=;6658> H ?2 :=0I4;>; /2=18>5I4; 2 A0>0=06 H 9=2N;=6 ?2 ?21;
3@;24 7=B6W:2>91; J=84A;LR 32>6 ?; :2>91; 3; 109/2>8? J>85=LR H 9=2N;=6 ?2
?21; 3@;24 7869W:2>91; J12A;>92L ;9 9892?; JK?;4L ;> :8>958> 3; ?@072566;4=
3; ?2 ?21; 3@;24- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DEP
,-DS !17?5943;6 >8=12?560;6 34 /217 3; 7=;6658> H ?2 :=0I4;>; :8>321;>92?;
JK?;4L ;9 /2=18>5I4; 3@8=3=; 3;4< J=84A;L 32>6 ?@;24 64= ?@2<; z 2?4?0;6
72= ?2 30817865958> ;> 6811; 3; A24665;>>;6 784= 4> 9=2>6349;4= ;>
0156658>W=0;7958>- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DET
DT
 !"#$ %$& '()*+$&
,-./ 012345 67 487559:; < =2 >8?@A7;7 1283:;9@A7 2 C?;?8?5 < D82E785 =2 =237
6F72A 48G5H>2;D37 J8:AC7KL 62;5 =7 >2;D37 67 3?D12;:= J;:98KL < D82E785 =2
=237 6F72A 4:5DH>2;D37 J32C7;D2K 7D D:D2=7 JM=7AK 7; >:;D9:; 67 =F?429557A8
6A >2;D37- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .NO
.O
 !"#$ %$& '()*+$&
,-
 !"#$%&"($!
 ! "#$%&(! )#$ *!+%&,%./ 0")*1 &!2&#,3! ,$ !$+!45(! 6! %!7$.8,!+ !% 3&#969+
:3%!+ ; /#,&$.& 6!+ .$/#&4:%.#$+ +,& (: +:$%9< (! 6.4!$+.#$$!4!$% !% (: 4!+,&! 6!+ 3:&:=
4>%&!+ 37?+.8,!+ 6@,$! +%&,%,&!A B( :++,&! ,$! +,&C!.((:$! 6!+ 3&#3&.9%9+ +:$+ :(%9&!& (@.$=
%92&.%9 6! (: +%&,%,&! #, 6, 4:%9&.:,A "#$!&$:$% (!+ :33(.:%.#$+ .$6,+%&.!((!+< (! #$%&(!
+@!D!%,! 29$9&:(!4!$% +,& 6!+ 3.>!+ !$ /#$%.#$$!4!$% !% 6:$+ (!,& !$C.&#$$!4!$% #,
5.!$ 6:$+ (! +,.C. 6, 3&#!++,+ 6! /:5&.:%.#$A B( 3!&4!% :.$+. 6! +,&C!.((!& (: +%&,%,&!
:C:$% 8,@!((! $@:%%!.2$! ,$ $.C!:, 6! 692&:6:%.#$ &.%.8,!A E:&4. (!+ 6.D9&!$%!+ %!7$.8,!+
6! ")*< (!+ ,(%&:+#$+ #,3!$% ,$! 3(:! .43#&%:$%! !$ &:.+#$ 6! (!,&+ :&:%9&.+%.8,!+A
F$ !D!%< (!+ ,(%&:+#$+ $! +#$% 3:+ .#$.+:$%< .(+ $! 3&9+!$%!$% 6#$ :,,$ &.+8,! 3#,& (!+
,%.(.+:%!,&+A *! 3(,+ (!,& #G% !+% &!(:%.C!4!$% 4#6!+%! 3:& &:33#&% ; 6@:,%&!+ %!7$.8,!+
6! ")* #44! (!+ &:?#$+ HA F$I$< (!+ ,(%&:+#$+ +#$% /:.(!+ ; 4!%%&! !$ #!,C&! !% $! $9=
!++.%!$% 3:+ 6! (#,&6! .$/&:+%&,%,&!A "!&%:.$+ 6.+3#+.%./+ &!2&#,3!$% +!,(!4!$% ,$ :3%!,&
#,3(9 :C! ,$ :33:&!.( 6! 4!+,&! 3#&%:%./ :++,&:$% ,$! 4#5.(.%9 !% ,$ ,+:2! &:3.6!A
JI$ 6! 4!%%&! !$ #!,C&! ,$ #$%&(! $#$ 6!+%&,%./< .( /:,% &93#$6&!< 8,!(8,! +#.% (:
%!7$.8,! ,%.(.+9!< :,K #5L!%./+ 6! I:5.(.%9 !% 6! &!3&#6,%.5.(.%9 :++,&:$% (!+ 3!&/#&4:$!+
6, #$%&(!A  ! ")* 3!,% :,++. 3!&4!%%&! 6! (#:(.+!&< 6@.6!$%.I!& #, 6! :&:%9&.+!& (!+
69/:,%+A M$! 694:&7! ,$.C!&+!((! !$ 8,:%&! 9%:3!+ !+% ; !43(#?!& 8,:$6 ,$! %!7$.8,!
")* !+% ,%.(.+9!A F((! +! 69I$.! 3:& (: 4.+! !$ #!,C&! 6, 3&#969 37?+.8,! 3!&4!%%:$%
(! #$%&(! 0!K.%:%.#$ 6, 4.(.!,1< (@:(%9&:%.#$ 6!+ 3&#3&.9%9+ 37?+.8,!+ 3:& (!+ 69/:,%+ 3:&
!K!43(! 0&93#$+! 6, 4.(.!,1< (: 69%!%.#$ 6! !+ 4#6.I:%.#$+ 3:& ,$ :3%!,& :++#.9
0&9!3%.#$ !% :8,.+.%.#$ 6! (: &93#$+!1 !% !$I$ (! %&:.%!4!$% 6!+ +.2$:,K !% (!,&+ .$%!&=
3&9%:%.#$+ 0.$%!&3&9%:%.#$ 6! (: &93#$+!1A  !+ 3&#3&.9%9+ 37?+.8,!+ ; #$%&(!& +#$% 69I$.!+
6:$+ (: +,.%! 6! ! 7:3.%&! #$6.%.#$$:$% (: %!7$.8,! ,(%&:+#$#&! ; ,%.(.+!&A
NO
 !"#$%&'" $!
() *+,)-.//)0)12 *)3 2)51678)3 8-29:3.1.9)3 *.62 *:13 81) -:9;) 0)389) 3.1 )33.9
*:13 -)3 :11+)3 <= > -?60:;)96) 0+*6:-) 9+/.1*:12 :8@ A)3.613 *?60:;)3 /.89 06)8@ :3B
389)9 -) A6)1 C29) *)3 /:26)123D ()3 8-29:3.13 .132628)12 81) A.11) :-2)91:26,) :8@ 9:E.13
F *8 G:62 78?6-3 3.12 1.1 61,:36G3D (?+5.;9:/56) )32 -: 0+25.*) -: /-83 826-63+) :3389:12
-: 063) )1 60:;) *)3 +5.3 38)336G3 *)3 612)9G:)3D () .129:32) 61G.90) 389 -)3 :9:B
2+9632678)3 *)3 06-6)8@ 3.1*+3D (?)H)2 %.//-)9 .8/-+ > -?+5.;9:/56) /)90)2 *?)@/-.9)9
-)3 I8@ 3:1;8613D J6136 -: *69)26.1 )2 -) *+A62 *)3 I8@ 3.12 *+*8623 *)3 0)389)3 %.//-)9
8-29:3.1.9)3D ()3 2)51678)3 3?:,K9)12 C29) +;:-)0)12 /)9G.90:12)3 /.89 *)3 ://-6:26.13
61*83296)--)3 L0:2+96:8@ *+;9:*+3M *+2)26.1 *) 069.3298289)3ND J /:9269 *) -?+5.;9:00)
*?81) 3298289) 3)3 *60)136.13 /)8,)12 C29) *+2)9061+)3M 3)3 +,)128)-3 *+G:823 *) 3298289)
.8 *) G:26;8) C29) 6*)126O+3D %)3 0)389)3 2)0/.9)--)3 9)1*)12 /.336A-)3 -) 386,6 *)3 *+G:823
*:13 -) 2)0/3D
(: 0+29.-.;6) 8-29:3.1.9) 9)/.3) 389 -: 063) )1 .)8,9) *?.826-3 /)90)22:12 -: 0)389)
*)3 ;9:1*)893 P ,62)33)M :22+18:26.1 )2 /:9:0K29) 1.1 -61+:69)D %)3 29:13*82)893 :3389)12
-?+06336.1 )2 -: 9+)/26.1 *8 36;1:- :.832678) 3.1*:12 -) 06-6)8 *?+28*)D %:13 )22) +28*)M
-?6132980)12:26.1 8-29:3.1.9) 5.636) )32 *62+) /:9 -: ,.-.12+ *?:+*)9 :8@ ;9:1*)893
:A3.-8)3 *8 /:9:0K29) 1.1 -61+:69)D (: :-6A9:26.1 *8 29:13*82)89M /)90)22:12 -: 0)389)
*8 5:0/ *) /9)336.1 :A3.-8M )32 *.1 1+)33:69)D
%)8@ ;9:1*3 /9616/)3 *) 0+25.*) /)8,)12 :3389)9 -: 0)389) :A3.-8) *)3 /:9:0K29)3
:.832678)3 P -: 0+25.*) > *)8@ +/:633)893 )2 )--) *?613)926.1B38A3262826.1D &1) /9)06K9)
0+25.*) .13632) > 0)389)9 -) 16,):8 *) -: ;+1+9:26.1 5:90.1678) 389 *)3 +5:126--.13
*?+/:633)893 *6H+9)12)3D (: ,:96:A-) *) -?+28*) *:13 ) :3 )32 -: *632:1) )129) -?+0)22)89
)2 -) 9+)/2)89D (: 3).1*) 0+25.*) 9)/.3) 389 -: 0)389) 8-29:3.1.9) > +/:633)89 .132:12)
:,) 81 06-6)8 *) 9+G+9)1)D (: *632:1) )129) +0)22)89 )2 -) 9+)/2)89 )32 *+2)9061+ )2
O@+ /.89 -?)13)0A-) *)3 0)389)3D () 06-6)8 *) 9+G+9)1) )32 .118D ')/)1*:12M 3: 5:9;)
:.832678) *.62 C29) 29K3 /9.5) *) )--) +28*6+) /.89 3?:3389)9 78) -)3 :9:2+9632678)3 *)3
29:13*82)893 3.6)12 615:1;+)3 QR.8 S:2:9  ! "#$M T==U℄D ')3 *)8@ /9616/)3 /)8,)12 C29)
*+-61+3 )1 29:1306336.1 .8 )1 +06336.1B9+)/26.1D %:13 -) /9)06)9 :3M *)8@ 29:13*82)893
TT
 !"#$%&'" $!
()*+ ,-.0( 12 ,.3+ 2+ 14.5+32 15 67-725 140+512 ,)53 062++32 2+ 3228)73 -2( )*12( 5-+3.()9
*)32(: %.*( -2 125;7<62= 5* +3.*(15+253 >.3.*+7+ -2( 125; ?)*+7)*( 067((7)* 2+ 302,+7)*
.,3<( 30@2+7)* 12( )*12( (53 5* 30@2+253 .)5(+7A52:
B. 60+C)12 147*(23+7)* (5D(+7+5+7)* .82 .5+)9.-7D3.+7)* 15 +3.*(15+253 2* 067((7)*9
302,+7)* 2(+ ,3787-0>702 1.*( *)+32 0+512 EF.*123 G25-2* 2+ H.562((23= IJJK℄: '2 C)7;
(42M2+52 (578.*+ -2( .,,-7.+7)*( 87(0(: N* 2M2+= 2++2 60+C)12 . ,)53 D5+ 12 (57832 +269
,)32--262*+ -2( ,3),370+0( .)5(+7A52( 12 6.+037.5; 2* 08)-5+7)*: B2 ,37*7,2 12 62(532 O
125; 17(+.*2( (4.8<32 17P7-2 O 62++32 2* )25832 1.*( 2 .( ,.3+75-723: B. )6D7*.7()*
15 ,37*7,2 147*(23+7)*9(5D(+7+5+7)* 2+ 12 -4067((7)*9302,+7)* ,2362+ 12 1787(23 -2 8)-562
12 62(532 (.*( 3015+7)* 12 -. 17(+.*2 12 ,3),.>.+7)* 12( )*12(: %.*( *)+32 0+512= -2 679
-725 12 30?032*2 2(+ -2 67-725 140+512 O ()* 7*(+.*+ 7*7+7.- Qt = 0R:  - 2(+ 10S*7 2+ D72* )**5
,.3 5*2 0+512 ,30-767*.732: T7*(7= -408)-5+7)* 12 -. C.3>2 .)5(+7A52 15 +3.*(15+253 2(+
,37( 2* )6,+2:
TS* 12 10+2367*23 -2( C.6,( 12 ,32((7)*( O -. ?30A52*2 ?)*1.62*+.-2 2+ C.36)*7A52
125;= 5*2 ,3)01532 12 .-7D3.+7)* 15 +3.*(15+253 2(+ 30.-7(02 .5; 125; ?30A52*2(: B.
30,)*(2 145* +3.*(15+253 10,2*1 12 -. +.7--2 12 -40-062*+ .+7?= 12 -. ?30A52*2 5+7-7(02 2+
12 -. C.3>2 .)5(+7A52 2* (53?.2: B. ,3)01532 12 .-7D3.+7)* .((532 -. .3.+037(.+7)*
12( ?)*+7)*( 12 +3.*(?23+( 15 +3.*(15+253 062++253 2+ 302,+253 .5; 125; 17M032*+2( ?309
A52*2(: B2 *782.5 .D()-5 12 -. ,32((7)* 067( 1.*( -2 67-725 2+ 32U5 ,.3 -2 +3.*(15+253
.,3<( ,3),.>.+7)* ()*+ 10157+(: B2( ,3)2((5( 12 ?)36.+7)* 15 6.+037.5 2* A52(+7)* ,3)9
157+ )D-7>.+)73262*+ 5*2 08)-5+7)* 12 -. C.3>2 .)5(+7A52 1)* 12( ?)*+7)*( 12 +3.*(?23+(
15 +3.*(15+253:  - 2(+ 1)* 76,)3+.*+ 12 ,32*132 2* )6,+2 -2( ?)*+7)*( 12 +3.*(?23+ 15
+3.*(15+253 O C.A52 7*(+.*+ .3 -2 67-725 2(+ 2* ?)36.+7)*:
%.*( 2++2 0+512= -2( 5-+3.()*( ()*+ C)7(7( ,)53 (57832 -408)-5+7)* 12( ,3),370+0( 87()9
0-.(+7A52( 12 6.+037.5: V57832 .5 )53( 15 +26,( 12( ,3),370+0( 60.*7A52( .712 O -. )69
,30C2*(7)* 12 -. ?)36.+7)* 15 6.+037.5 .7*(7 A52 ()* 8727--7((262*+: B. )**.7((.*2 12(
60.*7(62( 12 ?)36.+7)* 15 6.+037.5 ,2362+ 153.*+ -. ?.D37.+7)* 14.>73 (53 -2( ,3)2((5(
12 ?.D37.+7)* 2* -2( )*+3-.*+: B47*(+3562*+.+7)* 5-+3.()*)32 2*87(.>02 1.*( -40+512 . 0+0
IX
 !"#$%&'" $!
()*+,-./ 0-1 2/ 41*,2.5/5 6/* 2,7.5/1+* 41+50,1+/* 6,. 8 )1 *),9, 2/* :050;<+5/* 6,1.0,5/*
/+ 141 6,1.0,5/ 2=)1 ;,6,/) 241+ 6/* :54:5,.+.* 9,*4>.60*+,?)/* .946)/1+ 0) 4)5* 2) +/;:*@
&1 2,*:4*,+,A /B:.5,;/1+06 0 .+. 41C) 0-1 2/ 5.:4125/ 8 6=/1*/;D6/ 2/* 41+50,1+/*
6,. 8 6=,1*+5);/1+0+,41 )6+50*4145/ )+,6,*./@ E/* FG:4+F<*/* +F.45,?)/*H 4;;/ :05 /B/;:6/
6=FG:4+F<*/ 2=412/ :601/H 2/ I.1.50+,41 /7/+)./ 201* 6/ 5.I,;/ ?)0250+,?)/H 41+ .+. :5,*/
/1 4;:+/ 201* /++/ .+)2/@ '/* FG:4+F<*/* ,;:4*/1+ )1 /5+0,1 14;D5/ 2/ 41+50,1+/* /+
2/ :5.0)+,41* /B:.5,;/1+06/* */ 5.:/5)+01+ *)5 6/* F4,B +/F1464I,?)/* 2/ 60 /66)6/ 2/
;/*)5/H 6/* 2,;/1*,41* 24,9/1+ :/5;/++5/ 60 I.1.50+,41 );)60+,9/ 2/ 60 :5/**,41 F05;4>
1,?)/ 2/)B 0:5<* )1 066/5 /+ 5/+4)5 201* 6/ ;,6,/) 2=.+)2/@ J4)5 /60H 6/ A412 2/ 60 /66)6/
2/ ;/*)5/ 41*+,+)/ 2=)1 5.K/+/)5 241+ 6=,;:.201/ 04)*+,?)/ /*+ :6)* .6/9. ?)/ /66/
?)/ 6/ ;0+.5,0) 2=.+)2/ LM5/0N/06/ /+ E/*+/5H OPQO℄@ E0 2,;/1*,41 2/* :054,* 2/ 60 /66)6/
2/ ;/*)5/ :/5;/+ 2/ 2.4):6/5 +/;:45/66/;/1+ 6/* *,I10)B 04)*+,?)/* *=.+01+ :54:0I.*
)1,?)/;/1+ 201* 6/ ;0+.5,0) 2=.+)2/H 2/ /)B :54:0I.* 201* 6/ ;0+.5,0) 2=.+)2/ /+ 6/
5.K/+/)5@ E=.+)2/ */ A406,*/ *)5 60 ;/*)5/ 2) :050;<+5/ 141 6,1.0,5/ 2=)1 ;0+.5,0) /1
.946)+,41@ E/ 1,9/0) 2/ 1416,1.05,+. :050*,+/ 24,+ S+5/ +5<* A0,D6/ 2/901+ 60 1416,1.05,+.
:549/101+ 2) ;,6,/) 2=.+)2/ ?)=/66/ :549,/11/ 2/ 60 I.1.50+,41 .6/+5,?)/@ T-1 2=.906)/5
6/ 1,9/0) 2=F05;41,?)/ :050*,+/H ,6 /*+ 2.;41+5. 4;;/ :6)* A0,D6/ ?)/ 6=F05;41,?)/ 2/)B
I.1.5. 201* 6/ ;,6,/)@ E/ F4,B +/F1464I,?)/ 2/ 60 *4)5/ 2/ +/1*,41 ,;:6,?)/ )1/ *4)5/
A0,D6/;/1+ 141 6,1.0,5/ 41C)/ :4)5 / I/15/ 2=.+)2/@ &1 +50,+/;/1+ 2/* 2411./* 0::54:5,.
:/5;/+ 2/ 5.2),5/ 6/ 50::45+ *,I106 8 D5),+@
E0 :5/;,<5/ 0::6,0+,41 41*,*+/ 8 *),95/ 6=.946)+,41 2/ ;0+.5,0)B *46>I/6 8 D0*/ 2/
*,6,/@ E/ :54.2. *46>I/6 050+.5,*/ 6/* ;0+.5,0)B /1+5/ 6/* *46)+,41* /+ 6/* *46,2/*@ '/*
;0+.5,0)B */ A45;/1+ :05 2/* :54/**)* F,;,?)/* :/5;/++01+ 6/)5 :0**0I/ 2/ 6=.+0+ 6,?),2/
8 6=.+0+ *46,2/@ U1 */ D0*01+ *)5 6=.+0+ 2/ 6=05+ 2) *),9, 2/* :54:5,.+.* 2/* ;0+.5,0)B *46>I/6H
6/* 050+.5,*+,?)/* 2) ;0+.5,0) :/)9/1+ S+5/ /B+50,+ 0-1 2/ 5/*:/+/5 6/* 412,+,41* 2/ *0
A45;0+,41@ U1 :5/101+ /1 4;:+/ 6/* /7/+* 2/ 60 06,D50+,41 2) +501*2)+/)5H 6/* :050;<+5/*
)6+50*4145/* 6,1.0,5/* V.6.5,+. /+ 0++.1)0+,41W /+ 141 6,1.0,5/ :/)9/1+ S+5/ 2.+/5;,1.*@ %/
/* :050;<+5/* *41+ /B+50,+* 6/* +/;:* 050+.5,*+,?)/* 8 60 A45;0+,41 2) ;0+.5,0)@  6* *41+
4;:05.* 6/* +/;:* 2/ 050+.5,*+,?)/ 6,. 8 60 A45;0+,41 09/ /66/ 2/ 60 6,++.50+)5/@
E0 2/)B,<;/ 0::6,0+,41 41*,*+/ 8 ;/++5/ /1 4/)95/ )1 *G*+<;/ 2=,;0I/5,/ 2) :0>
XY
 !"#$%&'" $!
()*+,(- ./. 01.2)1(- 3 4)(,1( 5- 0) *2,6/5- )7,/8)01:(2 4(225-**-., *1;- -. /-7<(-=
>-; 4(/4(12,2; 57 *101-7 5?2,75- .- <)(1-., 407; 5).; 0- ,-*4; *)1; ;71<)., ;-; 51(-,1/.;
@2/*2,(1A7-;= '- 6/1B -;, */,1<2 4/7( *-,,(- -. /-7<(- 7.- 1*)@-(1- 57 4)()*+,(- B/A
4(/6- 5-; /.51,1/.; 4(2;-.,2-; 5).; 0) 4(-*1+(- )4401),1/.= C1-. A7- 0- 4(1.14- (-;,-
15-.,1A7-D 5-; 2</07,1/.; 57 51;4/;1,1E -B42(1*-.,)0 ;/., .2-;;)1(-;= >- *),2(1)7 .?-;, 407;
51(-,-*-., -. /.,), )<- 0- ,().;57,-7( F 7.- 0)*- 5?-)7 -;, 1.,-()02 -.,(- 0- ,().;578
,-7( -, 0- E).,*- 4-(*-,,)., 7. 5240)-*-., 57 ,().;57,-7( 5).; 0- 40). 4-(4-.5170)1(-
3 0) 4(/4)@),1/. H-. */5- '8;).I= '- 5240)-*-., );;7(- 0) E/(*),1/. 5- 0?1*)@-= J/7(
)</1( 7.- 1*)@- 0/)0- 57 4)()*+,(- ./. 01.2)1(- -, *1.1*1;-( 0?1*4), 5- 0) 0)*- 5?-)7 ;7(
0) 52,-(*1.),1/. 57 4)()*+,(-D 7. ,().;57,-7( E/)01;2 -;, 7,101;2= &.- 2,75- 5- 0) ,K6-
E/)0- 57 ,().;57,-7( );;7(- ;-; 51*-.;1/.; )1.;1 A7- 0- 6/1B 5- 0) 51;,).- 5?-B40/(),1/.=
&. E).,*- E/(*2 5- 5-7B *101-7B 6/*/@+.-; -;, -B40/(2= &.- 1*)@- 57 4)()*+,(- ./.
01.2)1(- CLM -;, )1.;1 E/(*2-=
NO
 !"#$%&'" $!
()
 !"#$%&' (
 !"#$%&'( )* +,#&"($%!"* +%'.#%/* *$
'&' +%'.#%/*
 ! "#!$%!# '("%)#! "!#$!)* ("#+, -. /)() 0! 12(#) 0!, (""1%()%3., (- ,-%% 0!, "#34
"#%/)/, "(# -1)#(,3.,* 02!5"3,!# 1!, /6-()%3., 0! 1( "#3"(7()%3. 02-.! 3.0! (3-,)%6-! 8
123#0#! 0!-5 0(., -. $%1%!- 9-%0!: ; "(#)%# 0! 12/6-()%3. 0! "#3"(7()%3. .3. 1%./(%#!* 1!
"(#($+)#! .3. 1%./(%#! !,) 0/<.%: =2/6-()%3. >?> 0/<.% "(# ?(@313),A(B(* >'3A'13C !)
>-D.!),3C "!#$!) 0! "#!.0#! !. 3$")! 1!, 0%E/#!.), !E!), 1%/, 8 1( "#3"(7()%3. 02-.! 3.0!
(3-,)%6-! 0(., -. 9-%0!:  !, !E!), ,3.) 1( 0%E#()%3.* 12())/.-()%3. !) 1( .3.1%./(#%)/ 0-
$%1%!-: =( ,31-)%3. !,) 0/#%)! 0(., 1( @(,! 0!, 7(-,,%!..!,: =( 0/3$"3,%)%3. 0! !))! @(,!
"!#$!) 12!5"#!,,%3. 0!, '($", 0! "#!,,%3. 8 1( F#/6-!.! F3.0($!.)(1! !) '(#$3.%6-!:
GH
 ! ! "#$#"%&$'(%')*+( ,+( -.,+( */%$#(-.-$+(
 ! "#$#&'$()&(*+,) -,) ./-,) +0&$#)./.$,)
/01 234561781 1784 901 78901 :;68=>201 >2= 10 ?57?6@084 6A0 901 A=401101 9;?08B
968401 901 6564;5=14=>201 92 :=3=02! "01 78901 :;68=>201 1784 @;8;5;01 ?65 280 125C60
A=D56840E 4F?=>20:084 28 45681924025 ;30457B67214=>20 G$7F05 04 ,=023016=84E  HHH℄ >2=
61125084 3J;:=11=78 04 36 5;0?4=78 901 78901 67214=>201! /0 "., 23456178750 24=3=10 30
?321 172A084 901 456819240251 7814=42;1 90 ;56:=>201 ?=;K7;3045=>201! "04 0L04 ?=;K7B
;3045=>20E 9;72A054 08 1880E 014 36 ?57?5=;4; ?725 0546=81 :64;5=62M 90 10 9;C75:05 1721
3J64=78 9J28 N6:? ;3045=>20 04 =8A0510:084!
/01 78901 234561787501 @;8;5;01 784 4F?=>20:084 901 C5;>20801 633684 90 36 0846=801 90
O=37N054K P 36 9=K6=80 90 :;@6N054K! +8 10 ?57?6@0684E 3J7890 :;68=>20 6=81= 08@0895;0 10
:79=Q0 08 C784=78 90 36 864250 92 :=3=02 5087845;! +8 A732:0 902M 4F?01 90 ?7365=164=78
0M=14084 R 301 78901 378@=429=86301 10 ?57?6@0684 9681 36 :S:0 9=504=78 >20 30 9;?360:084
901 ?654=2301 T 04 301 78901 45681A0516301 6A0 280 9=504=78 90 A=D564=78 ?05?089=236=50 P 36
?57?6@64=78! /01 6564;5=14=>201 90 01 78901 9;?089084 92 4F?0 90 3=6=1781 0M=14684 08450
301 :73;2301! #=81=E 9681 28 173=90 301 902M 78901 1784 ?5;108401 >203>20 17=4 36 864250 90
3J0M=464=78 :6=1 9681 28 U2=90E 10230 36 A=D564=78 378@=429=8630 ?5;97:=80! "78058684E
3J7890 45681A051630E 36 ?57?6@64=78 014 611=:=36D30 P 28 =16=330:084 90 ?57N0 08 ?57N0!
/6 ?57?6@64=78 90 3J7890 378@=429=8630 014 7:?656D30 P 901 9;?360:0841 90 7:?5011=78
04 90 9;7:?5011=78 90 36 :64=V50!
/6 ?57?6@64=78 90 3J7890 67214=>20 9;?089 90 36 864250 92 :=3=02! /J7890 67214=>20
10 ?57?6@0 P 280 A=40110 9;?0896840 301 ?57?5=;4;1 =845=81V>201 92 :64;5=62 R 36 9081=4;E
30 70W=084 90 ?7=178 04 30 :79230 9J;3614==4; X173=90Y 72 30 70W=084 90 7:?5011=D=3=4;
XU2=90Y! ,681 280 :6Z75=4; 901 ;42901E 36 9081=4; 92 :64;5=62 014 781=9;5;0 78146840! #
9081=4; 78146840E 30 [79230 90 \728@ 1J;A6320 P ?654=5 90 36 7886=11680 90 36 A=40110
901 78901 234561787501 9681 30 :64;5=62!
/01 A=D564=781 90 3J7890 67214=>20 1J6:754=11084 62 7251 90 36 ?57?6@64=78 9681 30 :6B
4;5=62! "0440 9=:=824=78 9J6:?3=4290 04 9J=84081=4; 67214=>20 014 ?321 @;8;5630:084 78820
1721 30 405:0 9J644;8264=78 901 78901 67214=>201! ]725 280 :=3=02 N7:7@V80E 0330 5;12340
90 ?5701121 9J6D175?4=78 3=;1 P 36 A=171=4;E 36 78924=78 4N05:=>20 04 ;A08420330:084
^_
 !"! #$$%&'#(&)*+ #, +,&-& ./+ $0)$0&1(1+ $#0 ,%(0#+)*+
23 452363789: ;92<>23845! ,: 3>745 ?@<:9;A:5 B ?45:C45 5: 9;?75 C3:D 23 ?49?3E3789:
39>D78F>5 5D7 23 C8G43789: D5 743C>8D3:7 ?34 >:5 4<?3478789: D?378325 C5 2H<:54E85 39>DI
78F>5 :9: >:8J94;5! %3 E<:<43789: C5D 9:C5D 39>D78F>5D DH5G57>5 ?34 >: 743:DC>75>4 C5
C8;5:D89: K:85! %5 743:DC>75>4 5D7 D9>L5:7 9:D8C<4< 9;;5 3DD8;823M25 B >: ?8D79: ?23:
F>8 43N9::5 C3:D 25 ;8285> D>8L3:7 >:5 C84578L87< 28<5 B 5D 3437<48D78F>5D C5 C8G43789:!
%H8:L5D78E3789: :9: 28:<3845 45E49>?5 C5 :9;M45>D5D ;<7@9C5D F>8 9:7 ;9:74< 25>4D
3?387<D :973;;5:7 B 23 C<75789: C5 ?@<:9;A:5D ?4<95D 28<D 3> L858228DD5;5:7 C5D
;37<483>6! '5D ;<7@9C5D 45?9D5:7 D>4 23 E<:<43789: 57 2H3:32ND5 @34;9:8F>5! O85: D9>L5:7P
2H@N?97@AD5 C5D J38M25D ?547>4M3789:D 5D7 J3875 5: 39>D78F>5 :9: 28:<3845! %3 C<J94;3789:
C5 2H9:C5 >2743D9:945 5D7 J38M25 :5 L3 ?3D Q>DF>HB 2H3??348789: CH>:5 C8D9:78:>87< R9:C5 C5
@9S!
%5D >2743D9:D D9:7 23845;5:7 D5:D8M25D 3>6 ?49?48<7<D L8D9I<23D78F>5D C5D ;37<483>6!
%H8:L5D78E3789: C5D ?343;A745D 39>D78F>5D 28:<3845D 57 :9: 28:<3845 ?54;57 CH9M75:84 C5D
8:J94;3789:D D>4 2H<L92>789: D74>7>45225 3> 9>4D C> 75;?DP C> ;8285> 9:742<!
 !" #$$%&()&*+, (- ,-&.& /0, $1*$1&2)2, $(1 -%)1(,*+,
%5 D>8L8 >2743D9:945 C5D ?49?48<7<D L8D9I<23D78F>5D CH>: ;37<483> 9:D8D75 5: 25 9:7425
D?37832 57 75;?9452 C5D E43:C5>4D ?@ND8F>5D RL875DD5P 377<:>3789: 57 ?343;A745 :9: 28:<3845S!
.3:D 5 ?343E43?@5P >: <737 C5 2H347 C5D ;5D>45D >2743D9:945D 3DD>43:7 23 C<754;8:3789:
C5 E43:C5>4D ?@ND8F>5D 5D7 5G57><!
 !"! #$%&''& (&' )*(&' +,%-.')*)-&'
%3 L875DD5 C5D >2743D9:D 5D7 2H>: C5D ?343;A745D 25D ?2>D >7828D<D C3:D 25 C9;38:5 C5
2H39>D78F>5 34 J3825;5:7 ;5D>43M25! U<:<4325;5:7P 5225 D5 C<754;8:5 ?34 >:5 D8;?25
;5D>45 C5 75;?D C5 L92 5: <;8DD89:I4<5?789: 9> 5: 743:D;8DD89:! '879:D +25J48CE5 F>8 3
;5D>4< 25D L875DD5D C5D 9:C5D >2743D9:945D C3:D >: E43:C :9;M45 C5 ;37<483>6 B ?34784 C5
7438:D CH9:C5D >2743D9:945D 5: <;8DD89:I4<5?789: V+52J48CE5P  WXY℄!
%H3:32ND5 C5D <@9D D>5DD8JD ?54;57 C5 C<754;8:54 23 L875DD5 C5D 9:C5D >2743D9:945D
C3:D 25D ;37<483>6! ,:5 23DD8K3789: C5D ;37<483>6 3 <7< <73M28 B ?34784 C5 23 ;5D>45
"W
 !"! #$$%&'#(&)*+ #, +,&-& ./+ $0)$0&1(1+ $#0 ,%(0#+)*+
2345 6783993! /: 3;38< 2= 6783993 >8=:8 2?7@=A3 B3 2= D@E53997F7278> B4 @72734< 23 2=993@3:8
9?3;3843 945 2?7@=A3 B4 @DB423 B?>2=98778>!
%3 G=:A3@3:8 B3 E5DE57>8> B3 27H47B3 I 9D27B3 E348JK853 B>835@7:> E=5 B39 @394539
4285=9D:D539! ,:3 @39453 B3 83@E9 B3 6D2 A5L3 I 4:3 @>8GDB3 3: @DB3 >@7997D:J5>3E87D:
398 487279>3 B=:9 23 94767 B3 2?>6D2487D: B3 2= D:A>2=87D: M+7AN499D:  ! "#$< "OOP℄! %?D:B3
4285=9D:D53 93 E5DE=A3 3: E=5D45=:8 239 B7;>53:839 D4G39 B3 2= @=87R53 D:A32>3 D4 :D:!
#7:97< 4:3 7:835N=3 :>3 B?4:3 D4G3 BD:8 23 @72734 398 D:A32> 38 3223 BD:8 2?>8=8 398
27H47B3! # 3883 7:835N=3< 239 D:B39 4285=9D:D539 93 5>S>G7993:8 E5DB479=:8 B7;>53:89 >GD9
B?=2235J538D45! %?=:=2T93 B3 39 >GD9 943997N9 B>835@7:3 2?>6D2487D: B3 2= D:A>2=87D: B3
2= 98548453! '3 94767 B3 2= D:A>2=87D: 85D463 4:3 =EE27=87D: B=:9 2?GTA7R:3 =27@3:8=753!
.3 :D@F534939 =EE27=87D:9 799439 B3 2?7:B498573 =99453:8 23 94767 B39 E5DE57>8>9 =4 D459
B3 2= ND5@=87D: B?4: @=8>57=4! %= N=F57=87D: B3 @=8>57=4 :>399783 2= D::=799=:3 B3 2?>8=8
B4 E5D39949 I 8D48 @D@3:8! %39 5>97:39 3EDUT 9D:8 4: 3U3@E23 B4 94767 B3 2= ED2T@>J
579=87D: E=5 B39 @394539 B3 67839939 4285=9D:D539 M0DVG27:  ! "#$<  WXY℄ M+7B3FD88D@<  WWZ℄
M*A4T3:  ! "#$<  WWY℄! %?=:=2T93 B3 2= 6783993 =4 D459 B3 2= ED2T@>579=87D: E35@38 B3 B>J
5753 23 D@ED583@3:8 B3 2= 5>97:3! %3 9T98R@3 398 3U78> I B7;>53:839 N5>H43:39< 2?=@E27J
84B3 B3 2= 6783993 =EE=5=[8 B>E3:B=:83 B3 2= N5>H43:3 ED45 4: D@ED583@3:8 D@E=5=F23!
%= B>835@7:=87D: B3 2= 6783993 4285=9D:D53 E35@38 B3 5363:75 =4U E5DE57>8>9 5G>D2DA7H43
B=:9 23 7@3:8 M%=FD4538  ! "#$<  WWX< 037:G=5B8  ! "#$< "OOO℄!
.3 2= 6783993 38 B3 2?=88>:4=87D:< 23 @DB423 D@E23U3 B3 79=7223@3:8 398 B>835@7:>
=9945=:8 23 273: 3:853 2= 98548453 38 239 @>=:79@39 B3 ND5@=87D:! %?>84B3 B3 2= 7:>87H43 B3
2= D=A42=87D: B4 2=78 398 4: 3U3@E23 B?=EE27=87D: B7538 M)G3:B49\VD 38 ]4V7:< "O O℄!
%3 @DB423 B3 79=7223@3:8 D@E23U3 398 3U85=78 B4 94767 B3 2?7@E>B=:3 @>=:7H43 @3945>3
E=5 4: 5>9D:=8345 I H4=58\ M)42BJ/G9937:  ! "#$< "OOY℄! %3 @DB423 679DJ>2=987H43 =99453:8
23 94767 E=5 3U3@E23 B3 2= ND5@=87D: B4 T=D458!
%39 83G:7H439 .DEE235 4285=9D:D539 9D:8 487279>39 ED45 @394535 239 A5=:B3459 B=:9 B39
9T98R@39 B3 E5DB487D:9 3: S4U! ^5L3 I B39 9>5739 B?>@3883459 38 B3 5>3E83459 E2=>39 B3
E=58 38 B?=4853 B4 S47B3 3: 7542=87D:< 2= 6783993 B4 S47B3 398 B>B4783 =7:97 H43 2= B75387D:
B4 S4U M%4H43 B3 '=985D 38 '=ED83< "OO_℄! .3 2= D::=799=:3 B3 2= 6783993 B39 S47B39< 4:3
5>A42=87D: B39 B>F78 B39 S47B39 B3 E5DB487D: 9?3;3843 M`7V24:B  ! "#$< "O O℄!
ZO
 !"! #$$%&'#(&)*+ #, +,&-& ./+ $0)$0&1(1+ $#0 ,%(0#+)*+
.23 4235623 72 89:2332 ;2642::2<: <=< 325>242<: 72 =4;62<762 >@A8=>5:9=< 75 4B:AC
69B5 4B93 B5339 7@B;;6AD2<726 >@B;;B69:9=< 72 E335623 7AF6B7B<: 23 ;26G=64B<23! &> 23:
;=339H>2 72 GB:9F526 5< 4B:A69B5 ;B6 723 HB<3 72 3=>>99:B:9=< 4AB<9I52 62;6=7593B<: 5<
8929>>933242<: BA>A6A! .B<3 >2 B3 7@5<2 ;>BI52 7@B>549<954J >B 6=933B<2 72 E335623 B A:A
35989 ;B6 723 =<723 72 356GB2 K0=LD>9< 2: M94J "NNO℄! %B E33562 23: 356829>>A2 Q ;B6:96 72
>B 6AR2S9=< B=53:9I52! %2 35989 72 >B 89:2332 7B<3 >2 HA:=< B33562 >2 =<:6>2 72 >@B>:A6B:9=<
72 >B 3:65:562 B5 =563 75 :24;3 KU62V332 2: #H6BDB4J "NNW℄!
 !"!" #$$%&'($)*& +,- *&+,- '.$/(-*&*/,-
%23 4235623 72 >@B::A<5B:9=< 723 =<723 5>:6B3=<=623 3=<: FA<A6B>242<: =5;>A23 Q 2>>23
72 >B 89:2332! '2;2<7B<:J >@B::A<5B:9=< GB9: >@=HX2: 72 4=9<3 7@B;;>9B:9=<3! /< 2Y2:J >@B::AC
<5B:9=< 723 =<723 5>:6B3=<=623 23: ;B6G=93 79Z9>2 Q 4235626 2: Q 62>926 Q >B <B:562 ;DV39I52
723 ;DA<=4[<23 2< X25! %B 79Z5>:A 72 423562 3@2S;>9I52 ;B6 725S 6B93=<3! %B ;6249[62
23: >B GB9H>2 B::A<5B:9=< 723 =<723 5>:6B3=<=623 7B<3 >23 49>925S =<:6>A3! %B 32=<72 23:
>B 7A;2<7B<2 72 >@B::A<5B:9=< Q >B G6AI52<2 7@=H3268B:9=<! /< 2Y2:J >@B::A<5B:9=< 5>:6B3=C
<=62 723 R59723 D=4=F[<23 23: 3=582<: ;6=;=6:9=<<2>>2 B5 B66A 72 >B G6AI52<2 7@2S9:B:9=<
I5B<7 2>>2 723 3=>9723 23: Q >B G6AI52<2 2: 2>>2 723 4B:A69B5S 79Y53B<:3 B5 5H2 72 >B
G6AI52<2 K+2>G697F2J  \]W℄! %B 79Z5>:A 72 >B 423562 6A3972 Q >B G=93 ;=56 >23 GB9H>23 B::AC
<5B:9=<3 4B93 B5339 ;=56 >23 G=6:23 B::A<5B:9=<3! $=56 >23 GB9H>23 B::A<5B:9=<3J >23 39F<B5S
5>:6B3=<=623 8B692<: ;25 ;=58B<: 9<:6=75962 5< H9B93 7B<3 >B 7A:2:9=< 723 B4;>9:5723! .B<3
>2 B3 723 B::A<5B:9=<3 G=6:23J >B 79Z5>:A <@23: ;>53 72 4235626 >B 8B69B:9=< 7@B4;>9:572
2<:62 725S 39F<B5S 4B93 >B 7A:2:9=< 75 39F<B> >59C4^42! ,< =4;6=493 356 >B G6AI52<2
7@5:9>93B:9=< 7=9: ^:62 6AB>93A ;=56 B335626 5<2 B::A<5B:9=< 7A:2:BH>2 2: 5<2 ;6=;BFB:9=<
5>:6B3=<=62!
%2 35989 723 8B69B:9=<3 72 >@B::A<5B:9=< 5>:6B3=<=62 >=63 72 >B G=64B:9=< 72 F2>3 B6VC
>9I523 B A:A 4932 2< =25862 ;B6 UB69 KUB69  ! "#$J  \]N℄! .B<3 2::2 A:572J >B G6AI52<2
7@2S9:B:9=< 23: 72 >@=6762 72 >B 2<:B9<2 72 4AFBD26:_ B3356B<: 5<2 6A;=<32 79YA62<:2 2<:62
>B ;DB32 3=> 2: >B ;DB32 F2>! #9<39J 5< DB<F242<: 7@A:B: 72 >B :6B<39:9=< 3=>CF2> 23: A:BH>92!
.B<3 >2 B3 72 6A39<2 A;=SVJ >2 35989 72 >B ;=>V4A693B:9=< 3@2Y2:52 B5339 ;B6 723 4235623
7@B::A<5B:9=< 723 =<723 5>:6B3=<=623 K0=LD>9<  ! "#$J  \]`℄!
O 
 !"! #$$%&'#(&)*+ #, +,&-& ./+ $0)$0&1(1+ $#0 ,%(0#+)*+
%234567 67 9:;<7=7;4 67 >?@>?A343B CAB@D3E:B4AF57B A;43?7BB7 :5BBA E7 6@=:A;7 =3D
6A:E 6:;B E7 :6?7 67 E2A=:<7?A7! %7 B5ACA B27G7457 >:? 7H7=>E7 B5? E: @:<5E:4A@; 65
B:;< I':E@?DJAE9@ 74 K:9:6@L "MMN℄! %7B :5475?B B7 P@:EAB7;4 B5? E: =7B5?7 E2:443;5:4A@;
65 >E:B=: B:;<5A; 65?:;4 E: @:<5E:4A@;! %7 BQB4R=7 7H>3?A=7;4:E 7B4 S:B3 B5? 67B 479D
;AF57B 67 =7B5?7B 7; 3=ABBA@;D?37>4A@;! .2:54?7B 479;AF57B @==7 E23E:B4@<?:>9A7 >7?=74
67 @=>?7;6?7 E7B 7G74B 67 E: C:?A:4A@; 6293=:4@?A47 @5 67 E2:66A4A@; 6293>:?A;7 B5? E:
@:<5E:4A@; 65 B:;< IT7;;ABB@;  ! "#$L "MMN℄!
 !"!# $%&%'()&* +,+ -.+/%.&*
%2A;C7B4A<:4A@; ;@; EA;3:A?7 B7 63EA;7 B@5B >E5BA75?B P@?=7B! %2@SU74 67 E234567 B7 >@?47
B5? E7B >93;@=R;7B 9:?=@;AF57B 5=5E:4APB B5AC:;4 E: 6AB4:;7 67 >?@>:<:4A@; 67 E2@;67
5E4?:B@;@?7! ,;7 @;67 5E4?:B@;@?7 =@;@9?@=:4AF57 7B4 >?@>:<37 6:;B 5; =AEA75 6234567
34:;4 ;@; EA;3:A?7! &E >7?45?S7 E2@;67 V B@; >:BB:<7 >?@65AB:;4 5;7 <3;3?:4A@; 67B @=>@D
B:;47B 9:?=@;AF57B 6:;B E7 B>74?7 67 E2@;67 5E4?:B@;@?7!
.:;B E7B W5A67BL E7 >:?:=R4?7 ;@; EA;3:A?7 B/A 7B4 E7 ?:>>@?4 7;4?7 E7B @7XA7;4B
F5:6?:4AF57 74 EA;3:A?7 67B 47?=7B 67 E: B3?A7 67 (:QE@? 54AEAB3 6:;B E23F5:4A@; 6234:4 65
=AEA75 @;BA63?3! #A;BAL E7B @;67B 5E4?:B@;@?7B 4?:C7?B:;4 E7 =AEA75 B5SABB7;4 5;7 6AB4@?4A@;
>?@65AB:;4 5;7 <3;3?:4A@; 629:?=@;AF57B B7 >?@>:<7:;4 :5 B7A; 65 =AEA75! '7447 <3;3?:4A@;
B7 5=5E7 :5 @5?B 67 E: 6AB4:;7 67 >?@>:<:4A@;!
%7B >?7=AR?7B =7B5?7B 65 >:?:=R4?7 ;@; EA;3:A?7 >:? 67B =349@67B 62:=>EA4567B YD
;A7B @;4 343 7G74537B 6:;B 67B =AEA75H SA@E@<AF57B I%:Z  ! "#$L  [\ ℄! # E: =]=7 3>@F57L
67B =349@67B :E47?;:4AC7BL @==7 >:? 7H7=>E7 67B =349@67B 497?=@6Q;:=AF57BL @;4 343
=AB7B 7; ^5C?7 I_95  ! "#$L  [\`℄! '7B >?A;A>7B @;4 =@;4?3B F57 E: >?7BBA@; 7B4 63>7;D
6:;47 67 E: CA47BB7 5E4?:B@;@?7 7 F5A >7?=74 5;7 A;C7B4A<:4A@; 65 =:43?A:5 74 :BB5?7 B:
:?:43?AB:4A@;! %7 >:?:=R4?7 ;@; EA;3:A?7 : 343 =7B5?3 6:;B 67B W5A67B >:? 625;7 =349@67
7; 3=ABBA@;D?37>4A@; I+:A4@  ! "#$L "MMN℄! %: 6347?=A;:4A@; 65 >:?:=R4?7 ;@; EA;3:A?7 A=D
>@B7 5;7 @;;:ABB:;7 67 E: CA47BB7 74 67 E2:443;5:4A@; 65 =AEA75 6234567 6A?747=7;4 EA3 V
E27H>?7BBA@; 67B 3F5:4A@;B 67 >?@>:<:4A@; :5 B7@;6 @?6?7!
%2A;C7B4A<:4A@; ;@; EA;3:A?7 5E4?:B@;@?7 : =@;4?3 F52AE 34:A4 >@BBASE7 67 634747? 67
P:a@; >?3@7 67B 9:;<7=7;4B 67 >?@>?A343B :5 B7A; 625; =AEA75 @==7 5;7 3C@E54A@;
`"
 !"! #$$%&'#(&)*+ #, +,&-& ./+ $0)$0&1(1+ $#0 ,%(0#+)*+
23453547887 95 3:;7 <=7=88=227>7?3 @5 A22547!
'7337 B<@853=@? 95 ;C4C>D347 ?@? 8=?BC=47 7? E@?3=@? 97 8C 23453547 95 >=8=75 C B3B
>=27 7? B<=97?7 ;C4 7F7>;87 9C?2 8C 2B9=>7?3C3=@? GH@<7>I  JKJI L=> 73 M@@?I "NNJ℄! &8
C B3B 723=>B 9C?2 8P7C5 2C354B7 7? 2B9=>7?3 >@?34C?3 Q57 8PB<@853=@? 95 ;C4C>D347 ?@?
8=?BC=47 723 @44B8B7 R 8C 97?2=3B 97 2B9=>7?3 ;4B27?3 9C?2 8P7C5!
%7 25=<= 95 ;4@72252 97 8PS:94C3C3=@? 95 TB3@? C B3B 7U735B ;C4 972 >B3S@97 8=?BC=47
73 ?@? 8=?BC=47 G-C? .7? #T7787  ! "#$I "NNJ℄! &82 >@?347?3 Q57 8PB<@853=@? 95 ;C4C>D347
?@? 8=?BC=47 ;753 V347 8@W=Q57>7?3 @44B8B7 R 8PB<@853=@? 97 8C 23453547 >BC?=Q57 8=B C5F
4BC3=@?2 S=>=Q572 73 C5F ;4@72252 >BC?=Q572!
#5 27=? 97 8PBQ5=;7I 972 B35972 ?@? 8=?BC=47 @?3 B3B >7?B72 254 8C 47;4=27 9PS:94=Q57
97 4B2=?72 ;SB?@8=Q572 GX@43=?7C5  ! "#$I "NNYI X@43=?7C5  ! "#$I "NNZ℄! %C >72547 EC=3 C;;C[
4C\347 5?7 27?2=T=8=3B 95 ;C4C>D347 ?@? 8=?BC=47 R 8PB<@853=@? 97 8C Q5C?3=3B 9P7C5!
%7 ;C4C>D347 ?@? 8=?BC=47 C B3B 723=>B 9C?2 972 3=2252 T=@8@W=Q572 ]E@=7 97 ;@4^ 7? E@?[
3=@? 97 8PB<@853=@? 97 8C 37>;B4C3547 G%=5  ! "#$I "NNZ℄! %72 C537542 >@?347?3 8C ;@22=T=8=3B
97 EC=47 5?7 =>CW7 7? >@97 '[2C? 95 ;C4C>D347 ?@? 8=?BC=47 ;C4 5?7 >B3S@97 9P=?2743=@?[
25T23=353=@? R C>;8=3597 A?=7! %C C8=T4C3=@? 2P7U7357 R 8PC=97 9P5? S:94@;S@?7!
__
 !"! #$%&'()*+ ,- .& /0)/&1&'()* ,2)*,- &3)%+'($%- &%
,-%4(56- )0,0-
 !" #$%&'()*+ ,- .& /0)/&1&'()* ,2)*,- &)%+'($%- &% ,-%4(56-
)0,0-
,789 :8 ;<=<>: ?@;@AB8> >C @;EF>99<G=>H =>9 @8I>9 7@:9C<J:>9 >K>F>8C :8> ILM@FN
;7C<@8 I2:8 O@=:;> L=L;>8C7<F> 7:C@:F I> 9@8 E@<8C I2LJ:<=<GF> J:< 9> EF@E7A> I> EF@?>
>8 EF@?>! 3>CC> ILM@F;7C<@8 >9C @89<ILFL> <8P8<CL9<;7=>! .2LJ:7C<@8 I> EF@E7A7C<@8 I:
?7;E9 7@:9C<J:> I789 :8 ;<=<>: Q:<I> C?>F;@NO<9J:>:K >9C ILF<C> >8 >KEF<;78C =>9
J:7CF> LJ:7C<@89 R @89>FO7C<@8 I> =7 ;799>H @89>FO7C<@8 I> =7 J:78C<CL I> ;@:O>;>8CH
@89>FO7C<@8 I> =2L8>FA<> >C =2LJ:7C<@8 I2LC7C! %8 ILO>=@EE>;>8C I> >9 LJ:7C<@89 S =2@FIF>
I>:K E>F;>C I> ILF<F> =7 AL8LF7C<@8 I2?7F;@8<J:> I789 =2LJ:7C<@8 I> EF@E7A7C<@8!
T 3@89>FO7C<@8 I> =7 ;799> R
Dρ
Dt
+ ρ∇ · υ = 0, U ! V
@W υ >9C => O>C>:F O<C>99> I: Q:<I>H ρ =7 I>89<CL I: Q:<I> >C DρDt =
∂
∂t + υ · ∇ =7 ILF<OL>
C>;E@F>==> ;7CLF<>==>!
T 3@89>FO7C<@8 I> =7 J:78C<CL I> ;@:O>;>8C R
ρ
Dυ
Dt
= ∇ · . U !XV
 >9C => C>89>:F I> @8CF7<8C>9 >C 92>KEF<;> E7F R ∇ · = −∇P + (13η + ξ)∇ (∇ · υ) +
η∇2υ @W η >C ξ 9@8C =>9 @>Y<>8C9 I> O<9@9<CL I> <97<==>;>8C >C I> O@=:;>!
T 3@89>FO7C<@8 I> =2L8>FA<> R
ρT
Ds
Dt
= κ∇2T + ξ (∇ · υ)2 + 1
2
η
(
∂υi
∂xj
+
∂υj
∂xi
− 2
3
δij
∂υk
∂xk
)2
, U !"V
@W s >9C =2>8CF@E<>H T =7 C>;ELF7C:F> >C κ =7 @8I:C<O<CL C?>F;<J:>!
T #J:7C<@8 I2LC7C R
,789 => 79 AL8LF7=H =7 Q:C:7C<@8 I> EF>99<@8 82<8C>FO<>8C E79 I789 =>9 L?78A>9 C?>FN
;<J:>9! ,789 => 79 I>9 EF@>99:9 :=CF79@8@F>9H =7 CF789M@F;7C<@8 >9C 9:EE@9L> 7I<7G7C<J:>
>C =2LJ:7C<@8 I2LC7C 92LF<C R
P = P (ρ, s) . U !ZV
"Z
 !"! #$%&'()*+ ,- .& /0)/&1&'()* ,2)*,- &3)%+'($%- &%
,-%4(56- )0,0-
.2789:;<=> ?@ AB=A:C:;<=> ?7B<E:>; F@G H:IAG :=9G;<89@G ?2:IAF<;9?@ J><@ K F2=B?B@
?@9L A@9;MN;B@ :F9F7@ @> =>G<?7B:>; F2=>?@ 9F;B:G=>=B@ =II@ 9>@ A@;<;@ A@B;9BO:;<=>
:9;=9B ?@G E:F@9BG :9 B@A=G P>=;7@ :E@ 9> <>?<@ QR ?@G CB:>?@9BG :B:;7B<G;<89@G ?9
I<F<@9S P = P0 + pS ρ = ρ0 + ρ
′
S T = T0 + T
′
S s = s0 + s
′
S υ = υ + υ′S =T F@G E:B<:OF@G
pS ρ′S T ′S s′ @; υ′ B@AB7G@>;@>; B@GA@;<E@I@>; F@G U9;9:;<=>G ?@ AB@GG<=>S ?@ ?@>G<;7S ?@
;@IA7B:;9B@S ?2@>;B=A<@ @; ?@ E<;@GG@! -> G9OG;<;9:>; @G B@F:;<=>G ?:>G F@G 789:;<=>G ?@
=>G@BE:;<=> ?@ F: I:GG@ @; ?@ F: 89:>;<;7 ?@ I=9E@I@>;S >=9G =O;@>=>G B@GA@;<E@I@>; K
F2=B?B@ ?@9L V
∂ρ′
∂t
+ ρ0∇ · υ′ = −ρ∇ · υ′ − υ′ · ∇ρ′, P !WR
ρ0
∂υ′
∂t
+∇p =
(
4
3
η + ξ
)
∇2υ′+
(
1
3
η + ξ
)
∇×∇×υ′−1
2
ρ0∇2υ′−ρ′∂υ
′
∂t
+ρ0υ
′×∇×υ′. P !XR
-> :OG@>@ ?@ ;=9BO<FF=>G ∇×υ′ = 0! &<>G<S F: AB=A:C:;<=> @G; G9AA=G7@ <BB=;:;<=>>@FF@!
.: ?@9L<YI@ 789:;<=> G@ G<IAF<J@ V
ρ0
∂υ′
∂t
+∇p =
(
4
3
η + ξ
)
∇2υ′ − 1
2
ρ0∇2υ′ − ρ′∂υ
′
∂t
. P !ZR
.=<> ?@G G9B[:@G G=F<?@GS F2789:;<=> ?@ =>G@BE:;<=> ?@ F27>@BC<@ ?@E<@>; K F2=B?B@ ?@9L V
ρ0T0
∂s
∂t
= κ∇2T ′. P !\R
->J>S F2789:;<=> ?27;:; ?9 U9<?@ :9;=9B ?@ G=> 7;:; ?2789<F<OB@ Pρ0S s0R ?@E<@>; A:B
?7E@F=AA@I@>; ?@ F: G7B<@ ?@ ':]F=B @> >7CF<C@:>; F@G ;@BI@G ?2=B?B@ ;B=<G V
p = c20ρ
′ +
c20
ρ0
B
2A
ρ′2 +
(
∂P
∂s
)
ρ,0
s′. P !^R
.@ A:B:IY;B@ >=> F<>7:<B@S B/AS B@AB7G@>;@ F@ ;@BI@ 89:?B:;<89@ ?9 ?7E@F=AA@I@>; ?@
F: G7B<@ ?@ ':]F=B! 3@ ;@BI@ G@B: ?<G9;7 ?:>G F@ A:B:CB:AH@ G9<E:>;!
3@G 789:;<=>G ?7E@F=AA7@G K F2=B?B@ ?@9L G=>; <>;B=?9<;@G ?:>G F@G I@IOB@G ?@ ?B=<;@
?@G 789:;<=>G P !WR @; P !XR!
∂ρ′
∂t
+ ρ0∇ · υ′ = 1
ρ0c40
∂p2
∂t
+
1
c20
∂L
∂t
, P ! QR
"W
 !"! #$%&'()*+ ,- .& /0)/&1&'()* ,2)*,- &3)%+'($%- &%
,-%4(56- )0,0-
ρ0
∂υ′
∂t
+∇p = − 1
ρ0c20
(
4
3
η + ξ
)
∇∂p
∂t
−∇L, 7 !  8
9:; L= >9 ?;@ABCD .9EF9@EB;@@;= ?DG@B; H9F I
L =
1
2
ρ0υ
′2 − p
2
2ρ0c20
. 7 ! J8
-@ AKLACF9M9@C >; EF9?B;@C ?; >2DNL9CBK@ 7 ! O8 ?; >9 ?DFB:D; H9F F9HHKFC 9L C;PHA ?;
>2DNL9CBK@ 7 !  8= @KLA KQC;@K@A >2;RHF;AABK@ ALB:9@C; I
∂2ρ′
∂t2
−∇2p = 1
ρ0c
4
0
∂2p2
∂t2
+
(
∇2 + 1
c20
∂2
∂t2
)
L+
1
ρ0c
4
0
(
4
3
η + ξ
)
∂3p
∂t3
.  !"!#$
%&'()*+ ,'*)- +. 0123.'.) 4+5 67(')30.5 8&6)')  !"9$ +) 8+ 0.5+*:')30. 8+ 4&6.+*;3+
 !"<$- .0(5 ,0(:0.5 +. 868(3*+ 4&+=,*+5530. *+43'.) 4' :'*3')30. 8+ 8+.53)6 ρ′ > 4' :'*3')30.
8+ ,*+5530. p"
ρ′ =
p
c20
− 1
ρ0c40
B
2A
p2 − κ
ρ0c40
(
1
Cυ
− 1
Cp
)
∂p
∂t
,  !"!?$
':+ Cυ +) Cp 50.) *+5,+)3:+1+.) 4+5 ','3)65 '40*3@7(+5 > :04(1+ +) ,*+5530. 0.5)'.)+"
A. 5(25)3)('.) +))+ 8+*.3B*+ +=,*+5530. 8'.5 4&67(')30. ,*668+.)+- 4&67(')30. 8+ ,*0C
,';')30. .0. 43.6'3*+ 5&+=,*31+ 50(5 4' D0*1+ 86)+*13.6+ ,'* E'.0.5+. FE'.0.5+.  ! "#$- !9<?℄"
∇2p− 1
c20
∂2p
∂t2
+
δ
c40
∂3p
∂t3
= − β
ρ0c40
∂2p2
∂t2
−
(
∇2 + 1
c20
∂2
∂t2
)
L,  !"!H$
0I δ +5) 4' 83J(53:3)6 8( 50. K
δ =
1
ρ0
(
4
3
η + ξ
)
+
κ
ρ0
(
1
Cυ
− 1
Cp
)
.  !"!L$
M&6:04()30. )*3831+.530..+44+ 8( N'1, 8+ ,*+5530. 8'.5 (. O(38+ +5) 86*3)+ ,'*
4&67(')30.  !"!H$" M+5 )+*1+5 8+ +))+ 67(')30. *+,*65+.)+.) *+5,+)3:+1+.) 4&'))6.('C
)30.  δ/c40 · ∂3p/∂t3$- 4+5 +J+)5 .0. 43.6'3*+5 (1(4')3D5  −β/ρ0c40 · ∂2p2/∂t2$ 0( 40'(=
 
(
∇2 + 1
c20
∂2
∂t2
)
L$" β +5) 4+ 0+P3+.) .0. 43.6'3*+"
#L
 !"! #$%&'&(&)' *( &'(*+,+$(-(&)' #. ,-+-/0(+* ')' 1&'$-&+*
 !" #$%&'(')& *( '&(*+,+$(-(')& ./ ,-+-01(+* &)& 2'&$-'+*
 !"! #$%&'(')& *+ ,-.-/0(.1 &)& 2'&$-'.1 B/A
12 345467852 9:9 ;<9=4<52 4:?@8<A?2 B/A 2@8 ;2 5433:58 B2@ 82562@ A?4B548<A?2@ 28
B2@ 82562@ ;<9=4<52@ B49@ ;2 B=C2;:3326298 29 @=5<2@ B2 (4D;:5 B2 ;E=A?48<:9 BE=848 ;<498 ;2@
C45<48<:9@ B2 352@@<:9 4?F C45<48<:9@ B2 64@@2 C:;?6<A?2 :552@3:9B498 G ;4 5=3:9@2 B2 ;4
@:;;<<848<:9 B? 6<;<2? 345 ?92 :9B2 4:?@8<A?2!
12 35:2@@?@ B2 35:34H48<:9 BE?92 :9B2 I4?82 J5=A?292 K352@@<:9 pL 64@@2 C:;?6<A?2
ρ :? C<82@@2 3458<?;4<52 vM 2@8 :9@<B=5= :662 ?9 3I=9:6792 <@2985:3<A?2! 12 B=C2;:3N
326298 29 @=5<2 B2 (4D;:5 B2 ;E=A?48<:9 BE=848 P = P (ρ, s)L G 2985:3<2 s 28 G B29@<8=
:9@84982@L @E=5<8 O
p = P − P0 =
(
∂p
∂ρ
)
ρ0,s0
(ρ− ρ0) + 1
2!
(
∂2p
∂ρ2
)
ρ0,s0
(ρ− ρ0)2 + ... , K ! PM
P0 28 ρ0 @:98 52@328<C26298 ;2@ C4;2?5@ B2 ;4 352@@<:9 28 B2 ;4 B29@<8= G ;E=A?<;<Q52! 12@
B=5<C=2@ 3458<2;;2@ B2 ;E=A?48<:9 K ! PM @:98 =C4;?=2@ 3:?5 ;E=848 9:9 3258?5Q= Kρ0, s0M! R2882
=A?48<:9 B2C<298 O
p = P − P0 = A
(
ρ′
ρ0
)
+
B
2!
(
ρ′
ρ0
)2
+ ... , K ! SM
:T ρ′ = ρ− ρ0 2@8 ;4 C45<48<:9 B2 64@@2 C:;?6<A?2 28
A = ρ0
(
∂p
∂ρ
)
s,0
= ρ0c
2
0, K ! UM
28
B = ρ20
(
∂2p
∂ρ2
)
s,0
. K !VWM
-<9@<L ;2 345467852 9:9 ;<9=4<52 B/A @E=5<8 @:?@ ;4 J:562 O
B
A
=
ρ0
c20
(
∂2p
∂ρ2
)
s,0
. K !V M
12 =;=5<8= B2 ;E:9B2 c @2 B=X9<2 345 O
c2 =
(
∂p
∂ρ
)
s
, K !VVM
9:?@ 3:?C:9@ =5<52 O(
∂2p
∂ρ2
)
s
=
(
∂c2
∂ρ
)
s
=
(
∂c2
∂p
)
s
(
∂p
∂ρ
)
s
= c2
(
∂c2
∂p
)
s
= 2c3
(
∂c
∂p
)
s
. K !VYM
YP
 !"! #$%&'&(&)' *( &'(*+,+$(-(&)' #. ,-+-/0(+* ')' 1&'$-&+*
*2 324567839:24 <44< =>8:4362  !?@A B: 7=C234362 78 D:5:EF45< 262 B32=:35< G=>8:4362
 !? H 7<I3<24 J
B
A
= 2ρ0c0
(
∂c
∂p
)
s,0
. G !?"H
-3293A B: 7=53I=< D:543<BB< 7< B: I34<99< D:5 5:DD654 K B: D5<99362 K <2456D3< 6294:24<
9L<MD53E< <2 N624362 7<9 I:53:43629 3964O<5E<9 7< B: I34<99< D:5 5:DD654 K B: D5<99362 <4
<2 N624362 7< B: 4<ED=5:485< K D5<99362 6294:24<!
 !"!# $%&'()(*&+&,-% )./0,12' 32 -'5,'%& %-% 6,%*+,('
1< D:5:EF45< 262 B32=:35< B/A <94 7=C23 D:5 B<9 =>8:43629 G !?"H <4 G ! PH 5<B:43N :8
7=I<B6DD<E<24 <2 9=53< 7< (:QB65 7< BL=>8:4362 7L=4:4! -3293A 2689 D68I629 =535< J
c2
c20
= 1 +
B
A
(
ρ′
ρ0
)
+ ... . G !?RH
*2 <S<48:24 82 7=I<B6DD<E<24 B3E34= D685
c2
c20
≈ 1A B< 5:DD654 cc0 7<I3<24 J
c
c0
= 1 +
B
2A
(
ρ′
ρ0
)
+ ... . G !?TH
,685 82< 627< DB:2< D56U5<993I< 6V v = pρ0c0 <94 B: I34<99< D:5438B:35<A B: 5<B:4362 ρ
′/ρ0
<94 =U:B< K v/c0! -3293A B: I34<99< 78 962 9L=534 J
c = c0 +
B
2A
v. G !?WH
1: I:53:4362 7< =B=534= ∆c = c − c0 D<84 X45< 5<B3=< K B: I:53:4362 7< D5<99362 ∆p
G=>8:4362  !?"H D:5 J
∆c =
1
2ρ0c0
B
A
∆p, G !?PH
9634 J
c = c0 +
1
2ρ0c0
B
A
∆p. G !?YH
1L<MD5<99362 G !?YH E6245< >8< B: =B=534= 78 962 c 73SF5< 7< c0 D:5 82 4<5E< >83
<94 D56D6543622<B K BL<MF9 B6:B 7< D5<99362 <4 :8 D:5:EF45< 262 B32=:35< B/A 78 E3B3<8!
,:5 <M<EDB<A 7:29 82< DO:9< 7< 6ED5<99362A δp <94 D69343N 762 c > c0A 32I<59<E<24A δp
<94 2=U:43N <4 762 c < c0! -3293A <54:32<9 D:543<9 7< BL627< 9< D56D:U<24 DB89 68 E6329
5:D37<E<24 >8< BL627< 7:29 962 <29<EZB< D567839:24 3EE=73:4< 82< 7=N65E:4362 78 N5624
@P
 !"! #$%&'&(&)' *( &'(*+,+$(-(&)' #. ,-+-/0(+* ')' 1&'$-&+*
 !"#$%  ! 2 #345674368 868 938:;37< =< 9>68=< ?957;46867< ;? 6?74 =< 9; A76A;B;5368 =;84
9< =6C;38< 5<CA67<9 <5 468 3CA;5 =;84 9< =6C;38< D7:E?<853<9!
=>68=<! '6?4 6845;5684 ;9674 F ?8 7;3=344<C<85 =? D7685 =>68=< GHB?7<  ! I! 1; =:D67C;5368
=>?8< 68=< =< D67C< 438?46J=;9< =;84 9< =6C;38< 5<CA67<9 4< 57;=?35 =37<5<C<85 =;84 9<
=6C;38< D7:E?<853<9 A;7 9>;AA;735368 =< 6CA64;85<4 K;7C683E?<4 C?953A9<4 =< 9; D7:E?<8<
D68=;C<85;9< =< 9>68=< :C34<!
1< 6<L3<85 868 938:;37< <45 =:H83< 6CC< β = 1 + B/(2A) ;7;5:734;85 9; 868M
938:;735: B96N;9< =? C393<?!
OP
 !"! #$%&'()* +,+ -' .-. &//0)1(2&'()*.
 !" #$%&'()* +,+ -' .-. &//0)1(2&'()*.
345 6789:;<=5 >6@;A9=: B9 C@<C9D9:;<= =<= B;=69;@4 >E<=>45 9<85:;784 >9=5 8= F8;>4
>9=5 B4 95 >E8= :@9=5>8:48@ G9;HB4I4=: G<9B;56 5<=: 4JC@;I64 C9@ BE6789:;<= >6K=;4
C9@ ,9H<B<:5L9M9 4: +N<LNB<A O,9H<B<:5L9M9 4: +N<LN<B<AP  QRQ℄! 3E6789:;<= +, C@4=> 4=
<IC:4 B9 G9;HB4 >;T@9:;<= 4: B45 4T4:5 =<= B;=69;@4 >8 F8;>4! +8U=4:5<A O+8U=4:5<AP  QV ℄
C@4=> 4= <IC:4 B45 4T4:5 >E9::6=89:;<= 4= >6@;A9=: BE6789:;<= >4 B9 C@<C9D9:;<= =<=
B;=69;@4 +,+!
 !"! #$$%&'()*+(&, $*%*-&.(/01
W<=5;>6@<=5 8= G9;5498 8B:@95<=<@4 @4B9:;A4I4=: >;@4:;GP 54 C@<C9D49=: >9=5 8= F8;>4
58;A9=: B9 >;@4:;<= Oz! 3E9CC@<J;I9:;<= C9@9H<B;784 <=5;>X@4 BE<=>4 <II4 7895;I4=:
CB9=4 58@ >45 >;5:9=45 >4 BE<@>@4 >4 59 B<=D848@ >E<=>4 4: 784 5<= C@<KB =4 54 I<>;K4
C95 58;A9=: 59 >;@4:;<= >4 C@<C9D9:;<=! Y4 CB85P B45 A9@;9:;<=5 :@9=5A4@59B45 Z58;A9=: Ox
4: Oy[ 5<=: CB85 @9C;>45 784 4BB45 ;=:4@A4=9=: >9=5 B9 >;@4:;<= 9J;9B4! /<8@ :@9>8;@4 4B9P
8= N9=D4I4=: >4 A9@;9HB45 45: 4T4:86 58@ BE6789:;<= Z ! "[ \ x′ =
√
ǫxP y′ =
√
ǫyP z′ = ǫz
4: τ = t− z′/c0!
3E6789:;<= >4 C@<C9D9:;<= 8B:@95<=<@4 =<= B;=69;@4 >E<@>@4 >48J >9=5 8= I;B;48 F8;>4
5E4JC@;I4 \
∂2p
∂z′∂τ
=
c0
2
∇2⊥p+
δ
2c30
∂3p
∂τ3
+
β
2ρ0c30
∂2p2
∂τ2
, Z !]^[
9A4 ∇2
⊥
=
(
∂2/∂x′2
)
+
(
∂2/∂y′2
)
BE<C6@9:48@ 39CB9;4= :@9=5A4@54 H;>;@4:;<==4B! 345 C9_
@9IX:@45 78; >6K=;554=: B4 I;B;48 5<=: B9 >;T85;A;:6 δP B9 6B6@;:6 c0P B9 >4=5;:6 ρ0 4: B4
<4`;4=: =<= B;=69;@4 β!
W4::4 6789:;<= 45: =<II64 BE6789:;<= +,+ 4= BEN<==48@ >4 45 98:48@5 +8U=4:5<A
O+8U=4:5<AP  QV ℄P ,9H<B<:5L9M9 4: +N<LNB<A O,9H<B<:5L9M9 4: +N<LN<B<AP  QRQ℄! 345 4T4:5
>4 B9 >;T@9:;<=P >4 B9 >;55;C9:;<= 4: >4 B9 =<=_B;=69@;:6 58@ B9 C@<C9D9:;<= 9<85:;784 5<=:
>6@;:5 >9=5 BE6789:;<= >4 C@<C9D9:;<= 8B:@95<=<@4 =<= B;=69;@4 a BE<@>@4 2! 3E6789:;<= +,+
45: 9>9C:64 98J <=>45 7895;_CB9=45 Z:@9=5>8:48@5 CB9=5 <8 G9;HB4I4=: G<9B;545[!
b^
 !"! #$%&'()* +,+ -' .-. &//0)1(2&'()*.
 !"!# $%%&'()*+,)'- ./+0)12)-3+)&4
345 789:5 ;4 :<455=>? @A=B=5C5 ;8?5 BDCA@;4 5>?A ;4 E8=FB45 89:B=A@;45! G8?5 4 8;<4H
BD8::<>I=98A=>? J@85=KB=?C8=<4 :4<94A B8 <C5>B@A=>? ;4 BDCJ@8A=>? +,+! 38 <C5>B@A=>? 5D4L4K
A@4 4? >9F=?8?A BD8::<>I=98A=>? 4A B8 ;C>9:>5=A=>? 4? 5>994 ;4 E8=548@I M8@55=4?5 4IK
:B==AC4 ;8?5 B4 :8<8M<8:74 5@=N8?A! O4AA4 9CA7>;4 =?A<>;@=A4 :8< P@<N=?MA QP@<N=?MAH  RST℄
:<C54?A4 BD8N8?A8M4 ;4 E>@<?=< ;45 4I:<455=>?5 8?8BVA=J@45 ;45 789:5 ;4 :<455=>? W BD78<K
9>?=J@4 2H <8V>??C5 :8< @?4 5>@<4 8I=5V9CA<=J@4!
G8?5 B4 8;<4 ;4 B8 9CA7>;4 ;45 8::<>I=98A=>?5 5@455=N45H B8 :<455=>?H <45A8?A E8=FB4H
5D4I:<=94 5>@5 B8 E><94 p = p1 + p2 >X p1 45A B8 5>B@A=>? ;4 BDCJ@8A=>? +,+ B=?C8=<4 4A
p2 B8 5>B@A=>? ;4 BDCJ@8A=>? W BD><;<4 2! 3D7V:>A7Y54 ;4 <CM=94 J@85=KB=?C8=<4 =?;=J@4 J@4
|p2| << |p1|!
3D8::<>I=98A=>? ;4 BDCJ@8A=>? +,+ 8@ :<49=4< 4A 54>?; ><;<4 ;>??4 Z
∂p1
∂z
+
j
2k
∇2⊥p1 + α1p1 = 0, [ !\ ]
4A
∂p2
∂z
+
j
4k
∇2⊥p2 + α2p2 = j
βk
ρ0c
2
0
p21, [ !\^]
>X αn = δn
2ω2/2c30 45A BD8AAC?@8A=>? W B8 E<CJ@4?4 nωH 4A _ 45A B4 ?>9F<4 ;D>?;4! 38 9=54
4? CJ@8A=>? =9:B=J@4 J@D8@@?4 :<455=>? 78<9>?=J@4 ?D4I=5A4 W B8 5@<E84 ;@ A<8?5;@A4@<
[z = 0] 54 A<8;@=58?A :8< p2(r, 0, t) = 0!
38 5>B@A=>? ;4 45 CJ@8A=>?5 45A ;>??C4 W :8<A=< ;4 B8 E>?A=>? ;4 `<44? :8< B45 4I:<45K
5=>?5 5@=N8?A45 Z
p1 (r, z) = 2π
∫
∞
0
p1
(
r′, 0
)
G1
(
r, z|r′, 0) r′ dr′, [ !\\]
4A
p2(r, z) = j
2πkβ
ρ0c
2
0
∫ z
0
∫
∞
0
p21(r
′, z′) G2
(
r, z|r′, z′) r′ dr′ dz′. [ !\a]
38 E>?A=>? ;4 `<44? 855>=C4 8@I CJ@8A=>?5 ;@ 789:5 ;4 :<455=>? W BD><;<4 n 5DC<=A Z
Gn
(
r, z|r′, z′) = jnk
2π(z − z′)J0
(
nkrr′
z − z′
)
e
−αn(z−z′)−
jnk(r2+r′2)
2(z−z′) . [ !\"]
345 789:5 ;4 :<455=>? W B8 E<CJ@4?4 ;@ E>?;894?A8B 4A ;@ ;4@I=Y94 78<9>?=J@4 5>?A
8B@BC5 :8< >?N>B@A=>? ;@ A4<94 ;4 5>@<4 4A B8 E>?A=>? ;4 `<44? 855>=C4! 3D8::<>I=K
a 
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
123456 728295:4;<= >= :2 ?563456 >= .8==6 =A3 B2<AA4=66= CD;<23456  !EFG! HI=6A=19:= >=A
2:<:A >=A J217A >= 78=AA456 AI=K=3<= >26A :2 92A= >= ?24A=2<L B2<AA4=6A!
 !" #$&'(&)*+*&, -, )&''- .- /01))*-,,-)
M=6 =3 N8=2O=2:= A563 P :I584B46= >= :2 >=A8473456 >< J217 82Q566D 728 <6 3826A><R
3=<8 2L4AQ1D384;<= =6 <6= A511= >= ?24A=2<L .2<AA4=6A! -K=3<=8 <6= 3=::= >D5175A4R
3456 7=81=3 >= 56A=8S=8 :=A 2S2632B=A >=A ?24A=2<L B2<AA4=6A 75<8 := 2:<: >< ?24A=2<
<:382A5658= =3 >= :2 BD6D823456 >< A=56> J281564;<=! /78TA >D3=814623456 >= :2 >4A384R
9<3456 82>42:= >= :2 S43=AA= B8U= 2<L 5=V4=63A 517:=L=A An =3 BnW :=A =L78=AA456A
262:Q34;<=A A563 593=6<=A 75<8 :=A J217A >= 78=AA456 D14A =3 8=X<A 728 <6 8D=73=<8
7563<=: 5< >= >41=6A456 Y64=! %=A =L78=AA456A 563 >DZP D3D 593=6<=A >26A :2 :433D823<8=
[%5<:5<S823W  \\ W #46BW ]^^^℄!
 !"! #$%&'$()&$*+ ',-$,./ -/ ., 0$&/%%/
%56A4>D856A <6 3826A><3=<8 <:382A5658= 511= <6 74A356 48<:248= 84B4>= 2L4AQ1DR
384;<= >= 82Q56 aW := 753=634=: >= S43=AA= AI=L7841= `
φ = u (r, z) e(jkz), C !E"G
5a z =A3 :2 >48=3456 >= 78572B23456 >< 3826A><3=<8 =3 r =A3 :I2L= 583J5B562: P :2 78572R
B23456!
HID;<23456 >I56>= =6 8DB41= J281564;<=W >26A <6 >51246= ;<4 6I=A3 72A A5<14A P >=A
?58=A =L3D84=<8=AW =A3 >DY64= 728 :ID;<23456 >Ib=:153O J515BT6=!
∇2φ+ k2φ = 0. C !EcG
H= 3826A><3=<8 D3263 2L4AQ1D384;<=W ∇2φ >=S4=63 1r ∂∂r
(
r ∂φ∂r
)
+ ∂
2φ
∂z2
! H=A 3=81=A >=
:ID;<23456 C !E"G A563 46385><43A >26A :ID;<23456 >Ib=:153O J515BT6= C !EcG! /46A4W :ID;<2R
3456 >=S4=63 `
∂2u
∂z2
+ 2jk
∂φ
∂z
+
1
r
∂
∂r
(
r
∂u
∂r
)
= 0. C !EdG
e]
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
%1221 34562789 :1 :7;<=7>1 6@ =1 21@;1
∂2u
∂z2
 !" #$%&'% ()& * (ka)2 $"(#" "+,! %+(#-
- .(#" /0 1'#!'* &2$34("'5# 6/0789 - .' #" :
1
r
∂
∂r
(
r
∂u
∂r
)
+ 2jk
∂φ
∂z
= 0. 6/07;9
<( !5&4"'5# - &2$34("'5# =(+()5&'34 6/07;9 !2$+'" :
u (r, z) =
A
B + 2jz/k
e
−
r2
B+(2jz/k) . 6/0?@9
1'#!'* & =5" #"' & - .'" !! - .' #" :
φ (r, z) =
A
B + 2jz/k
e
−
r2
B+(2jz/k) e(jkz). 6/0?/9
<2$34("'5# 6/0?/9 -$+'" & =5" #"' & - .'" !! =54+ 4# " +A - &( -$5A=5!'"'5#0 B#
=+("'34 * & =5" #"' & - .'" !! !2$+'" !54! &( C5+A -24# !5AA - N %(4!!' ## ! :
φ (r, z) =
j
k
N∑
n=1
A′n
B′n + 2jz/k
e
−
r2
B′n+(2jz/k)
+jkz
. 6/0?D9
E# F(#% A #" - .(+'()& !  !" =5!$ :
δ = z/zr = (2z)/(ka
2), 6/0?79
5G zr = (ka
2)/2  !" &( -'!"(# - H(I& '%F0
< =5" #"' & - .'" !! - .' #" :
φ (r, δ) =
j
k
N∑
n=1
An
1 + jBnδ
e
−
Bn(r/a)
2
1+jBnδ
+jkzr . 6/0??9
J #  " K+ (L (& MJ #  " K+ (L (& * /;88℄ 5#" (&4&$ & ! 5 O' #"! An  " Bn0 P  !"
F5'!' $%(& Q 150 <( 5#R%4+("'5#  S=$+'A #"(& -  "+(.('& (!!4+ 342Q  " 5+-+ * &( - !T
+'="'5# -4 F(A= - =+ !!'5# C5#-(A #"(& =(+ &( -$5A=5!'"'5#  # !5AA - %(4!!' ## !
 !" =+5F -4 +$!4&"("  S(" - <5AA & =54+ 4# ='!"5# '+4&('+ +'%'- MH5% +!  " K4+ #* /;U?℄0
V ! - +#' +! !5#" -'!=5#')& ! -(#! & "()& (4 /0/ W4!342Q &25+-+ 150
?7
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
 !"#$  ! 1 234 637839:4 An 3: Bn ;3 <= ;>6?@648:869 39 46??3 ;3 A=B44839934 =<B<>4
C <D6E;E3 15!
9 An Bn
1 −2, 9716 + 8, 6187i 4, 1869 − 5, 1560i
2 −3, 4811 − 0, 9687i 3, 8398 − 10, 8004i
3 −1, 3982 − 0, 8128i 3, 4355 − 16, 3582i
4 0, 0773 − 0, 3303i 2, 4618 − 27, 7134i
5 2, 8798 + 1, 6109i 5, 4699 + 28, 6319i
6 0, 1259 − 0, 0957i 1, 9833 − 33, 2885i
7 −0, 2641 − 0, 6723i 2, 9335 − 22, 0150i
8 18, 019 + 7, 8291i 6, 3036 + 36, 7772i
9 0, 0518 + 0, 0182i 1, 3046 − 38, 4650i
10 −16, 9438 − 9, 9384i 6, 5889 + 37, 0680i
11 0, 3708 + 5, 4522i 5, 5518 + 22, 4255i
12 −6, 6929 + 4, 0722i 5, 4013 + 16, 7326i
13 −9, 3638 − 4, 9998i 5, 1498 + 11, 1249i
14 1, 5872 − 15, 4212i 4, 9665 + 5, 6855i
15 19, 0024 + 3, 6850i 4, 6296 + 0, 3055i
2= 69;8:869 <8?8:3 89:E6;B8:3 @=E <D=6B4:8FB3 3G@E8?>3 8H;3446B4 34: 89:E6;B8:3 ;=94
<D>FB=:869 ;B @6:39:83< ;3 <= I8:3443 J !KKL!
V0 (r) = −∂φ
∂z
∣∣∣∣
z=0
= − 1
zr
∂φ
∂δ
∣∣∣∣
δ=0
. J !KML
2= ;84:E8NB:869 E=;8=<3 ;3 <= I8:3443 C <= 4BEO=3 ;B :E=94;B:3BE 4D>E8: 46B4 <= O6E?3
4B8I=9:3 P
V0 (r) =
N∑
n=1
An e
−Bnδ
(
1− 2Bn
(ka)2
(
1−Bn
( r
a
)2))
. J !K"L
2= 69;8:869 (ka)2 >> 1 @3E?3: ;3 E>;B8E3 <D>FB=:869  !K" C <D>FB=:869 4B8I=9:3 P
Vz (r, 0) = V0
N∑
n=1
Ane
−Bn( ra)
2
. J !KQL
KK
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
 !"!# $%&''()* + ,- .%/01&*& .)*3-4&*5-,&
12 34525643 756869:; <239 82 9765; <; ;55; :57<; 63<6>7; 82 ?@:>7;3; A4696; >7B;88; 9465
?43<2C;3528; 47 A2@C436>7;D 96CE8; 47 <47F8;! 1;9 63<6;9 1 ;5 2 6<;356G;35 8;9 ?@:>7;3;9
@;9E;56H;C;35 ?43<2C;3528; ;5 A2@C436>7;! 1;9 63<6;9 I ;5 II @;E@:9;35;35 @;9E;56H;I
C;35 82 ?@:>7;3; <B;J6525643 96CE8; ;5 <47F8; <7 5@239<75;7@! /6396D 82 E@;99643 K 82
?@:>7;3; ?43<2C;3528; 29946:; K 82 ?@:>7;3; 96CE8; ;95 345:; PI,1 ;5 ;88; 29946:; K 82
?@:>7;3; <47F8;D PII,1!
/ E2@56@ <; 8B:>725643 LML ;5 <; 82 <695@6F75643 @2<628; <; 82 H65;99; K 82 97@?2; <7
5@239<75;7@ :C;55;7@D 82 E@;99643 K 82 ?@:>7;3; ?43<2C;3528; K 82 97@?2; <7 5@239<75;7@
9B:@65 9479 82 ?4@C; N
P emiI,1 (0) = ρωcV0
N∑
n=1
Ane
−Bn( ra)
2
. O !PQR
%4396<:@439 73 @:;E5;7@ E4357;8D 5SE6>7;C;35 73 AS<@4EA43;D 82 E@;99643 K 82 ?@:I
>7;3; ?43<2C;3528; @;7;6886; ;95 N
P emiI,1 (r, δ, t) = ρωcV0
N∑
n=1
An
1− jBnδ e
−
Bn( ra )
2
1−jBnδ ej(ωt−kz). O !PTR
1;9 GU7@;9  !V C435@;35 8B2CE8657<; <7 A2CE <; E@;99643 K 82 ?@:>7;3; ?43<2C;3528;
<7 5@239<75;7@ ;3 <6W:@;359 E46359 <; 82 E@4E2U25643 <239 8; 29 <B73 5@239<75;7@ 2H;
73; 97@?2; 256H; <; <62CX5@; 2a = 0, 375Y 2878:; E2@ 8B;JE@;99643 O !PTR! 1B2CE8657<;
34@C2869:; <7 A2CE <; E@;99643 ;3 ?435643 <; 82 <69523; <; E@4E2U25643 ;95 <:@65; ;3
GU7@;  !V OFR! 1; A2CE E@4A; ;95 826@;C;35 6<;356G2F8; 2H; 92 86C65; <; A2CE E@4A;
<; 8B4@<@; <; 40 CC! 12 GU7@;  !V O<R C435@; 8; A2CE <; E@;99643 :C69 976H235 8B2J;
5@239H;@928 <7 5@239<75;7@ K 82 <69523; <; 92 86C65; <; A2CE E@4A;! .@Z; K ;55;
;JE@;99643D 82 <695@6F75643 <7 A2CE <; E@;99643 :C69; K 82 97@?2; <7 5@239<75;7@ 976H235
8B2J; 5@239H;@928 <7 5@239<75;7@ ;95 96C78:; ;3 GU7@;  !V OR! 1; A2CE <; E@;99643 :C69
K 82 97@?2; <7 5@239<75;7@ ;95 F6;3 9479 82 ?4@C; <B73 E69543!
%4396<:@439 73 @:;E5;7@ 2H; 73; <6C;39643 G36;D 5SE6>7;C;35 73 5@239<75;7@! %435@26I
@;C;35 27 @:;E5;7@ E4357;88;D 82 97@?2; <7 @:;E5;7@ 3B;95 E879 3:U86U;2F8;! 1; @2S43 <7
@:;E5;7@D bD ;95 5@X9 U@23< <;H235 82 843U7;7@ <B43<;! 12 E@;99643 @;[7; ;95 284@9 @;7;6886;
97@ 8B;39;CF8; <; 92 97@?2;! #; E879D 8; @:;E5;7@ ;95 4396<:@: 286U3: 2H; 8B:C;55;7@! 12
P\
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
 !"#$%  !1 2 /3456789: ;<=3>56?@: 98 B>34 9: 4=:??6<; >585@: C 5D>69: 9: 5> 9@<3E
4<?676<; :; ?<33: 9: F>8??6:;;:? G H>I ?86J>;7 5D:;?:3K5: 9:? 963:;?6<;? ?4>76>5:?L HKI
?86J>;7 5D>M: 9: 4=<4>F>76<;L HI C 5> ?8=N>: 98 7=>;?987:8= :7 H9I ?8= 5D>M: 7=>;?J:=?>5:
C 5> 96?7>;: 9: 5> 56367: 98 B>34 4=<B: 98 7=>;?987:8=!
O"
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
12344567 869377:3 ; <= 4>2?=3 A> B2=74A>B3>2 ; <= ?2:C>373 ?67A=837B=<3 43 A:D753 1=2 E
P¯ recI,1 (r, δ, t) =
∫ ∫
S
P emiI,1 (r, δ, t) ∂s. F !GHI
)65BJ
P¯ recI,1 (r, δ, t) =
ρωcV0
πb2
N∑
n=1
M∑
m=1
∫ 2pi
0
∫ b
0
Ame
−Bm( rb )
2 An
1− jBnδ e
−
Bn( ra )
2
1−jBnδ r∂r∂ϕej(ωt−kz).
F !G I
#=74 <3 =4 1=2B5><532 6K <L:83BB3>2 3B <3 2:31B3>2 467B 5A37B5C>34J 6883 1=2 3M381<3
C>=7A <3 B2=74A>B3>2 34B <3 43>< ; :83BB23 3B 233N652 <34 O=814 A3 12344567! P3 A5=8QB23
A3 <= 4>2?=3 =B5N3J aJ 34B =7=<6R>3 ; <L:8544567 3B ; <= 2:31B567! /12Q4 57B:R2=B567 4>5N=7B
ϕ 3B rJ <= 12344567 869377:3 ; <= ?2:C>373 ?67A=837B=<3 A3N537B E
P¯ recI,1 (r, δ, t) = P¯0 = ρωcV0C
N∑
n=1
N∑
m=1
AmAn
Bm +Bn − jδBnBm e
j(ωt−kz), F !GSI
=N3J % >73 674B=7B3 A677:3 1=2 E
C =
N∑
m=1
Am
Bm
(
1− e−Bm) . F !GTI
P= A:681645B567 A34 O=814 A3 12344567 37 46883 A3 R=>44537734 13283B AL57B26A>523
<34 57B:R2=B5674 A3 46883 A3 R=>44537734 4>3445N34 A=74 <L3M12344567 A3 <= ?67B567 A3
A5U2=B567J <= 237A=7B A:137A=7B3 A3 <= R:68:B253 A> B2=74A>B3>2! /5745J <= ?67B567 A3
A5U2=B567 16>2 <= ?2:C>373 ?67A=837B=<3 4L3M12583 46>4 <= ?6283 4>5N=7B3 E
DG (z) =
N∑
m=1
Am
Bm
(
1− e−Bm) N∑
n=1
N∑
m=1
AmAn
Bm +Bn − jδBnBm e
j(ωt−kz). F !GVI
%3BB3 ?67B567 A3 A5U2=B567 34B A523B3837B 681=2=W<3 =N3 <L3M12344567 3M=B3 A3 <=
A5U2=B567 A3 P6883<! PL3M12344567 3M=B3 A3 <= ?67B567 A3 A5U2=B567 A3 P6883< 34B A:X
25B3 =7=<9B5C>3837B 1=2 <L3M12344567 AL>7 154B67 52><=523 25R5A3 YZ6R324 3B [>237J  \]V℄!
DL = 1− e−2jpi/s
[
J0
(
2π
s
)
+ jJ1
(
2π
s
)]
, F !GGI
6K s 34B :R=<3 ; 4πd/(ka2)! -B Jν 34B <= ?67B567 A3 [3443< ; <L62A23 ν! -<<3 4L:25B E
Jν (z) =
(z
2
)ν ∞∑
k=0
(
−z2
4
)k
k!Γ (ν + k + 1)
. F !G"I
V]
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
012 4567879:41 21;82 <=2>682::941 2>7;2 ?2 <7 @41;941 ?2 ?9A87;941 ?2 B4552<
2; 2<<2 ?C;28591C2 678 <7 ?C4564:9;941 21 :4552 ?2 D7E::92112: 2:; 2A2;EC2 64E8 E1
;871:?E;2E8 7F71; E1 ?975G;82 7;9@ ?2 0, 375H 7I2 E12 @8CJE212 ?2 2 'KL! B7 MDE82  !N
8268C:21;2 <7 @41;941 ?2 ?9A87;941 7<E<C2 678 <=2>682::941 2>7;2 ?2 B4552< 21 I28; 2;
2<<2 678 <7 ?C4564:9;941 21 :4552 ?2 D7E::92112: 21 O<2E!
0 0.01 0.02 0.03 0.04 0.05 0.06
0.6
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
z (m)
C
o
e
ff
ic
ie
n
t 
d
e
 d
if
fr
a
c
ti
o
n
Gaussiennes
Lommel
 !"#$%  !" # $%&'()(*+%, -. /( 0%,2*%, -. -*3)(2*%, (/4/5. +4) /6(7. -. ')%'(8(9
2*%, '() /6.7').++*%, .7(2. -. :%&&./ ;<.)2= .2 .//. '() /( -5%&'%+*2*%, ., +%&&. -.
8(4++*.,,.+ ;>/.4=!
:65()2 -. (/4/ .,2). /.+ 0%,2*%,+ -. -*3)(2*%, .+2 &%*,+ -. 0, 5% (++4)(,2 ?4. /(
0%,2*%, -. -*3)(2*%, -52.)&*,5. '() /( -5%&'%+*2*%, ., +%&&. -. 8(4++*.,,.+ %)).+9
'%,- @ /( 0%,2*%, -. -*3)(2*%, .7(2 -64, 2)(,+-42.4)!
AB
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
 !"!# $%&''()* + ,- .%/01&*& 3-%4)*(01& 2
12 34566789 : ;<=24>897?@5 6<5A347>5 : 324B74 C5 ;2 68;@B789 C5 ;<D?@2B789 EFE 5B C5 ;2
CD8>3867B789 59 68>>5 C5 H2@66759956! 12 34566789 >8I599D5 : ;2 J4D?@595 =24>897?@5
2 45K@5 324 @9 B4296C@B5@4 3;29 C5 42I89L aL 6<5A347>5 68@6 ;2 J84>5 M%8@;8@N42BL  OO L
P8@ '2B24  ! "#$L QRR L 12S2B  ! "#$L QRRR℄ U
P¯ recI,2 (z) =
∫ 2pi
0
∫ a
0
N∑
l=1
Ale
−Bl( ra)
2
P recI,2 (r, z) r∂r∂ϕ. V !WXY
12 ZH@45  ![ >89B45 ;5 =2>3 C5 34566789 =24>897?@5 984>2;76D 45K@ 324 @9 B4296C@\
B5@4 VB427B 3;579Y 5B 324 @9 4D53B5@4 389B@5; V3879B7;;DY 2;@;D 324 ;2 CD8>3867B789 59
68>>5 C5 H2@66759956! 095 48766295 C5 ;2 34566789 =24>897?@5 233242]B 2@ 8@46 C5 ;2
34832H2B789 C296 ;5 >7;75@ 989 ;79D2745 B5;;5 ?@5 ;<52@!
0 0.01 0.02 0.03 0.04 0.05 0.06
0
1
2
3
4
5
6
x 10
−6
Axe de propagation (m)
A
m
p
lit
u
d
e
 n
o
rm
a
lis
é
e
Pression harmonique moyennée
Pression harmonique reçue par un récépteur ponctuel
 !"#$%  ![ ^ />3;7B@C5 984>2;76D5 C@ =2>3 C5 34566789 C5 ;2 J4D?@595 =24>897?@5 45K@
324 @9 B4296C@B5@4 VB427B 3;579Y 5B 324 @9 4D53B5@4 389B@5; V3879B7;;DY 6@4 ;<5965>S;5 C5
;2 34832H2B789 2;@;D5 : ;<27C5 C5 ;2 CD8>3867B789 59 68>>5 C5 H2@66759956!
[O
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
/1234 567892:75;6 4<5=:67 ϕ >7 r? @: 12>445;6 A;B>668> C @: D28E<>6> G:2A;65E<> 2
4H8257 :@;24 I
P¯ recI,2 (z) =
βk
(
P¯ emiI,1 (0)
)2
2ρc2
zF (z), J !KLM
:=> c @: 8@82578? α @> ;>N5>67 OH:7786<:75;6? ρ @: O>64578 >7 k @> 6;AP2> OH;6O>! F (z)
>47 @> 7>2A> ;A1;27:67 @H:7786<:75;6 >7 @: O5Q2:75;6 >R125A8 >6 4;AA>4 O> 9:<445>66>4!
S> 7>2A> F (z) 8E<5=:<7 C @: O5Q2:75;6 4<5=:67 @: O547:6> O> 12;1:9:75;6 z E<:6O
@: O54725P<75;6 O> 12>445;6 C @: D28E<>6> D;6O:A>67:@> >47 7234 12;G> OH<6> ;6O> 1@:6>
T#<66  ! "#$?  UL ℄! *A1@5E<:67 E<> @>4 >Q>74 O> O5Q2:75;6 >7 OH:7786<:75;6 4;67 :OO575;6W
6>@4 >7 56O81>6O:674!
S: 12>445;6 A;B>668> C @: D28E<>6> G:2A;65E<> O>=5>67 I
P¯ recI,2 (z) =
βk
(
P¯ emiI,1
)2
2ρc2
e2α1z − eα2z
α2 − 2α1 DI,2 (z) . J !KUM
)><@ @> D:7><2 ;22>75D @58 C @: O5Q2:75;6? DI,2? >47 >6 D;675;6 O> @: 98;A8725> O<
72:64O<7><2! %> 7>2A> ;22>41;6O C @: D;675;6 O> O5Q2:75;6 O> @: 12>445;6 G:2A;65E<>
986828> O:64 @> A:7825:< OH87<O>!
%;645O82:67 @> G:A1 O> 12>445;6 2>X< C @HG:2A;65E<>? @: D;675;6 O> O5Q2:75;6 O8Y65>
1:2 @: O8;A1;4575;6 >6 4;AA> O> 9:<445>66>4 4H>R125A> I
DI,2 (z) =
ld
z
N∑
n=1
N∑
m=1
N∑
l=1
AnAmAl
anml
e
α
bnml
anml
ld
[
E1
(
α
bnml
anml
ld
)
− E1
(
α
(
z +
bnml
anml
ld
))]
,
J !"ZM
;[ @>4 7>2A>4 anml >7 bnml 4;67 2>41>75=>A>67 O8Y654 1:2 @>4 ;>N5>674 O> \>6 >7 ]2>:W
^>:@> I
anml = 2z/(lh)BnBmBl + jBl(Bn +Bm) + j4BnBm,
bnml = −2Bl + jzBl(Bn +Bm)− 2(Bn +Bm). J !" M
KZ
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
 !"$%&'!"
#123 5 61789:5; <53 =>?198@23 A5 <B1@?398>?5 2@2 <82=18:5 @29 =9= 7:=3529=53! C5 D@:E
F1<83F5 829:@A?89 71: G1H@<@93I1J1; K6@I6<@L 59 K?M2593@L 133?:5 >?5 <B5N7:5338@2 A5
<B=>?198@2 KGK 7:52A 52 @F795 <53 5O593 A5 A8O:198@2; AB199=2?198@2 59 2@2 <82=18:5
A123 ?2 P?8A5! C1 A=@F7@3898@2 52 3@FF5 A5 Q1?33852253 5N7:8F5 <1 3@<?98@2 A5 <B=>?1E
98@2 KGK! /8238; <5 61F73 A5 7:5338@2 R <1 D:=>?525 D@2A1F5291<5 59 61:F@28>?5 539
A=A?89! /S2 A5 A=95:F825: <53 71:1FT9:53 1@?398>?53 <82=18:53 59 2@2 <82=18:5; <5 7:82875
A53 F53?:53 ?<9:13@2@:53 539 5N7@3= A123 <5 61789:5 3?8L129!
U 
 !"! #$%&'(&)*+*&, -, )&''- #- ./0))*-,,-)
12
 !"#$%&' (
 !"#"%& '&( )&(*!&( *+,!-(.#.!&(
+"#/-"!& &, #.# +"#/-"!&
 !" #$ #%&$'()"$' *$ +,',(-&'$ "." *)"%,)'$/ )* $0& "%$00,)'$ #$ ($02'$' *$ 3,(+0 #$
+'$00)." 4 *, 5'%62$"$ 3,'(.")62$ #$27 8%"%'%$ #,"0 *$ (,&%'),2 #9%&2#$: ;"$ (%&3.#$
,002',"& *, ,*)<',&)." #2 &',"0#2&$2' , %&% 3.)0) ,!" #9.<&$")' *$0 +'$00)."0 ,<0.*2$0
,!" #$ #%&$'()"$' *$ .$=)$"& "." *)"%,)'$: >, 3,'8$ ,.20&)62$ ?,'),"& ,2 .2'0 #$ *,
5.'(,&)." #2 (,&%'),2/ *, ,*)<',&)." #.)& @&'$ +.00)<*$ 4 3,62$ )"0&,"&: >, (%&3.#$ #$
($02'$ 3.)0)$ $0& 2"$ (%&3.#$ $" %()00)."A'%$+&).": B**$ "$ '$62)-'$ 6292" &',"0#2&$2'
,002',"& *9%()00)." $& *, '%$+&)." #2 0)8",* ,.20&)62$: >, #%&$'()",&)." #$0 +,',(-&'$0
,.20&)62$0 *)"%,)'$0 $& "." *)"%,)'$ $0& +'%0$"&%$ #,"0 $ 3,+)&'$:
CD
 !"! #$%&'() *+%',-*./01$) () #)2+1) (+ 3*1*#4%1) 5'5
./5$*/1) B/A )5 $#/22/'5,1$-)3%/'5
 !" #$%&'() *+%',*./01$) () 2)3+1) (+ 4*1*25%1) 6'6 ./,
6$*/1) B/A )6 $2/33/'6,1$)4%/'6
.6 789:;<= 6>9;,6@ABC8= <= 7=D>C= <= B/A =E 87ADDA;E,C8=F9A;E FC8D=E98= AA =D9
B6D8= D>C @= FCAEAF= <= C8AFC;A98 <8CA9 F;>C @6 FC=7AGC= H;AD F6C #6.=6E =E 1940
I#6.=6EJ "KLM℄! .= ;E=F9 6 898 O8E8C6@AD8 F;>C >E 9C6ED<>9=>C 8@=9C;6;>D9AP>= F6C
Q;@<R =9 3CA76S;T I-6CD9=ED=EJ "KLUJ Q;@<R =9 3CA76S;TJ "KLVJ (C;D9 =9 #A@6E;WDSAJ "KXM℄
=9 6<6F98 6>Y D;@A<=D =E ;E969 I(6=  ! "#$J "KK"℄! .6 6@ABC69A;E <> 9C6ED<>9=>C =E
;E969 6 898 89=E<>= =9 Z6@A<8= <6ED @= <;76AE= 9=7F;C=@ I0;> #696C  ! "#$J  MM ℄! [6E
5==C 6 FC;F;D8 C8=77=E9 >E= 789:;<= <= 7=D>C= <= @6 F:6D= <\>E 9C6ED<>9=>C >@9C6D;,
E;C= =E 87ADDA;E,C8=F9A;E IZ6E 5==C  ! "#$J  M"M℄!
-6@ABC=C >E 9C6ED<>9=>C F=C7=9 <= P>6E9A]=C D6 9C6ED<>9A;E 8@=9C;,6;>D9AP>=! ^C_=
` <=D 7=D>C=D 8@=9CAP>=DJ A@ =D9 F;DDAB@= <= ;EE6a9C= 6Z= FC8ADA;E @=D EAZ=6>Y <= FC=DDA;ED
O8E8C8D =9 C=b>D F6C >E 9C6ED<>9=>C ` @6 HC8P>=E= H;E<67=E96@= =9 ` @\:6C7;EAP>= :6CO8
F6C @= 7A@A=> ` 6C698CAD=C! -=99= 6@ABC69A;E =D9 E8=DD6AC= ` @6 7=D>C= <> F6C67G9C= E;E
@AE86AC= B/A!
.=D H;E9A;ED <= 9C6EDH=C9D =E 87ADDA;E =9 =E C8=F9A;E <> 9C6ED<>9=>C <8F=E<=E9 <=
D;E =EZAC;EE=7=E9 8@=9CAP>= =9 786EAP>=! .;CD <=D =YF8CA=E=DJ @\=EZAC;EE=7=E9 8@=9C;,
EAP>= =D9 O6C<8 A<=E9AP>=J 76AD @= 7A@A=> <= FC;F6O69A;E =D9 =E 8Z;@>9A;E! (6ED = 6DJ
@6 6@ABC69A;E <;A9 c9C= C86@AD8= ` :6P>= AED96E9 F;>C F=C7=99C= <= <89=C7AE=C @=D Z6@=>CD
6BD;@>=D <=D F6C67G9C=D 6;>D9AP>=D 9;>9 @= @;EO <= @\8Z;@>9A;E <> 7A@A=>!
 !"!" #$%&%()
.6 789:;<= 6>9;,6@ABC8= =D9 AA >9A@AD8= 6Z= >E >EAP>= 9C6ED<>9=>C =E 87ADDA;E,
C8=F9A;E! +E= ;E<= 6;>D9AP>= =D9 O8E8C8= <6ED @= 7A@A=> ` 6C698CAD=C! .=D ;E<=D >@9C6D;,
E;C=D D= FC;F6O=E9 F>AD D;E9 C8d8:A=D F6C >E C8d=9=>C 6;>D9AP>=! .= :67F <= FC=DDA;E
=T=9>= @= 9C6e=9 C=9;>C 6Z6E9 <= D;@@AA9=C @6 D>CH6= <> 9C6ED<>9=>C =E 96E9 P>= C8=F9=>C!
#6@=6E I#6.=6EJ "KLM℄ ` @\;CAOAE= <= @\>9A@AD69A;E <> FCAEAF= <= C8AFC;A98 896B@A9
@6 C=@69A;E =E9C= @\=YA969A;E 8@=9CAP>= =9 @6 FC=DDA;E 6BD;@>= <8@AZC8= F6C @= 9C6ED<>9=>C
8@=9C;6;>D9AP>=! .= C6FF;C9 <=D D=EDABA@A98D <> 9C6ED<>9=>C =E 87ADDA;E =9 =E C8=F9A;E
VL
 !"! #$%&'() *+%',-*./01$) () #)2+1) (+ 3*1*#4%1) 5'5
./5$*/1) B/A )5 $#/22/'5,1$-)3%/'5
678 9:;<=6:;>:8 ;6 ?> >A>8<A9789BC6 ;C 8A>:7;C86CA! /? 678 C:9BC6D6:8 ;<=6:;>:8 ;C
D9?96C E 8A>F6A7 ?6BC6? 76 =AG=>H6 ?IG:;6 >GC789BC6!
.6 7J<D> <?68A9BC6 <BC9F>?6:8 8A>:7A9F>:8 ?6 J>D= ;6 =A6779G: A6KC 6: <:6AH96 <?6,
8A9BC6 678 ;<A98 LHCA6  !"! +:6 7GCA6 ;6 86:79G: ;6 %J6F6:9: <BC9F>?6:86M EinM ;<?9FA6 C:6
86:79G: >CN OGA:67 ;C 8A>:7;C86CA! .6 8A>:7;C86CA 678 DG;<?97< =>A 7G: 9D=<;>:6 <?6,
8A9BC6M Zt! ): <D9779G:M ?67 GCA>:8 68 86:79G: D67CA<7 E ?I6:8A<6 7G:8 :G8<7 A67=689F6D6:8
Iin 68 V in! ): A<6=89G:M ?67 GCA>:8 68 86:79G: E ?> 7GA896 7G:8 Iout 68 V out!
 !"#$%  !" P 2J<D> <?68A9BC6 ;C 8A>:7;C86CA >GC789BC6 ;<L:977>:8 7> 7GCA6 ;6 86:79G:
68 7G: 9D=<;>:6 <?68A9BC6 68 ;<A9F>:8 ?6 =A9:9=6 ;6 ?> D<8JG;6 >C8G,>?9OA<6 >9:79 BC6
?67 GCA>:87 68 86:79G:7 ;6 ?I6:8A<6 68 ;6 7GA896 >CN OGA:67 ;C 8A>:7;C86CA!
 !"! #$%&'(')'*+& ,- *./%&,-*$-. $% 1%*/*
%GC867 ?67 QG:89G:7 ;6 8A>:7Q6A87 7G:8 6N=A9D<67 6: QG:89G: ;C GCA>:8 ;6 7GA896 ;C
8A>:7;C86CAM Iout! *L: ;I<8>O?9A ?67 QG:89G:7 ;6 8A>:7Q6A8 ;C 8A>:7;C86CA 6: <D9779G: 68
6: A<6=89G:M ?67 76:79O9?98<7 ;C 8A>:7;C86CA ;G9F6:8 R8A6 ;<L:967!
): <D9779G:M ?> 76:79O9?98< ;C 8A>:7;C86CAM S (Zt)M 76 ;<L:98 >F6 C:6 =A6779G: A6KC6
:C??6 7CA ?> 7CAQ>6 ;C 8A>:7;C86CA!
S (Zt) =
(
P emi
Ein
)
pr=0
. S !"T
P emi 678 ?> =A6779G: BC6 ?6 8A>:7;C86CA F> <D688A6 =GCA C:6 6N98>89G: Ein ;<?9FA<6 =>A
?> 7GCA6 ;6 86:79G: ;6 %J6F6:9: <BC9F>?6:86!
UU
 !"! #$%&'() *+%',-*./01$) () #)2+1) (+ 3*1*#4%1) 5'5
./5$*/1) B/A )5 $#/22/'5,1$-)3%/'5
)6 78:;<=>6? @A B>C7: D: <:6B=>6 D: %E:F:6=6 8GC=FA@:6<: :B< >6B=D878: 8<:=6<: ;>C7
D8H6=7 @A B:6B=I=@=<8 DC <7A6BDC<:C7? M (Zt)!
M (Zt) =
(
Iout
P rec
)
Ein=0
. J ! K
.: 7A;;>7< D:B B:6B=I=@=<8B BL:M;7=N: ;A7 O
M (Zt)
S (Zt)
= J, J !PK
AF: J 8<A6< @A >6B<A6<: D: 78=;7>=<8! 2= @: 7AQ>6 DC <7A6BDC<:C7 :B< <7RB S7A6D D:FA6<
@A @>6SC:C7 DL>6D:? 6>CB ;>CF>6B >6B=D87:7 @A ;7>;ASA<=>6 C@<7AB>6>7: :6 >6D: ;@A6:!
.A >6B<A6<: D: 78=;7>=<8 :B< A@>7B 8SA@: T 2A/Zmat! .:B S7A6D:C7B B>6< 7:B;:<=F:N:6<
A = πa2? @A BC7UA: A<=F: DC <7A6BDC<:C7 D: 7AQ>6 a V :< Zmat? @L=N;8DA6: A>CB<=GC:
DC N=@=:C EA7S:A6< @: <7A6BDC<:C7!
.A ;7:BB=>6 7:WC: ;A7 @: <7A6BDC<:C7 :6 U>6<=>6 D: @A ;7:BB=>6 8N=B: BL:M;7=N: ;A7 O
P rec = P emi e−j2kd e−2αd D R, J !XK
>Y D :B< @A U>6<=>6 D: D=Z7A<=>6 :< 1 @: >:[=:6< D: 78\:M=>6 D8H6= ;A7 O
R =
Zrefl − Zmat
Zrefl + Zmat
, J !]K
AF: Z @:B =N;8DA6:B A>CB<=GC:B DC 78\:<:C7 :< DC NA<87=AC 6><8:B 7:B;:<=F:N:6< Zrefl
:< Zmat!
.A B:6B=I=@=<8 :6 8N=BB=>6 DC <7A6BDC<:C7 ;:C< A@>7B BL87=7: O
S (Zt) =
(
P emi
Ein
)
pr=0
=
P rec
Iout
Iout ejk2d e2αd
Ein D R
, J !^K
>Y? @A U>7: 8@:<7>N><7=: D: @A B>C7: D: <:6B=>6 D: %E:F:6=6 8GC=FA@:6<:? Ein :B< 8SA@:
T O
Ein = V in − Zt Iin, J !_K
AF: Zt? @L=N;8DA6: 8@:<7=GC: DC <7A6BDC<:C7 FA@A6< O V
out/Iout!
)6 C<=@=BA6< @:B 8GCA<=>6B J ! K :< J !PK AF: @L8GCA<=>6 D: @A B:6B=I=@=<8 DC <7A6BDC<:C7
:6 8N=BB=>6 J !^K? 6>CB >I<:6>6B O
S2 (Zt) =
Iout Zmat e
2αd ej2kd
2A Ein D R
. J !`K
]^
 !"! #$%&'() *+%',-*./01$) () #)2+1) (+ 3*1*#4%1) 5'5
./5$*/1) B/A )5 $#/22/'5,1$-)3%/'5
*67869 :; 8<786=6:6>? @A >B;78@A><AB <7 ?D6886E7 <8> @E77?< F;B :G<HFB<886E7 8A6I;7><
<7 JE7>6E7 @A EAB;7> @< 8EB>6< K
S (Zt) =
√
Iout Zmat e2αd ej2kd
2A Ein D R
. L !MN
)7 F;B>;7> @< :; @?O76>6E7 @< :; 8<786=6:6>? @A >B;78@A><AB <7 B?<F>6E79 7EA8 FEAIE78
?B6B< K
M (Zt) =
(
Iout
P rec
)
Ein=0
=
Ein
P emi
Iout
e−jk2d e−2αd Ein D R
.  !"#$%
&' )*+,'-'. /01 234-.,)'1  !"!%5  !"6% 0.  !"#%5 ')41 )+.0')'1 7
M (Zt) =
√
Iout 2A
Ein D R Zmat e−2αd ej2kd
.  !"##%
89:;1 -<),: =2.0:*,'25 /01 10'1,+,/,.21 =4 .:-'1=4.04:5 /01 >)'.,)'1 =0 .:-'1>0:. =4
.:-'1=4.04: 904<0'. ?.:0 =2@',01"
 !"!# $%&()%&* +, (-.&*/,-( ,& 01)**)%& ,( ,& -0,2()%&
A01 0B9:011,)'1 =01 >)'.,)'1 =0 .:-'1>0:. 10 =2=4,10'. =01 10'1,+,/,.21 :0190.,<01 0'
2*,11,)' 0. :209.,)' =4 .:-'1=4.04:  234-.,)'1 !"C 0. !"##%" A- >)'.,)' =0 .:-'1>0:. =4
.:-'1=4.04: 0' 2*,11,)' 01. ,, =2@',0 9-: /0 :-99):. =0 /- 9:011,)' 2*,10 14: /0 )4:-'.
=0 1):.,0 7
Hemi =
P emi
Iout
.  !"#!%
8,'1,5 0' 4.,/,1-'. /- =2@',.,)' =0 /- 10'1,+,/,.2 0' 2*,11,)'  234-.,)' !"#% 0. 1)' 0BD
9:011,)'  234-.,)' !"C%5 /- >)'.,)' =0 .:-'1>0:. =4 .:-'1=4.04: 0' 2*,11,)' 1E2:,. 7
Hemi =
√
Zmat Ein
2A Iout D R
eαd ejkd.  !"#6%
A- >)'.,)' =0 .:-'1>0:. =4 .:-'1=4.04: 0' :209.,)' 01. =2@',0 )**0 /0 :-99):. =0
/- 9:011,)' :0F40 14: /0 )4:-'. =0 1):.,0 7
Hrec =
P rec
Iout
.  !"#G%
H0 /- *?*0 *-',;:0 340 9:22=0**0'. 0' 4.,/,1-'. /01 0B9:011,)'1  !"!% 0.  !"##%5 ')41
)+.0')'1 7
Hrec =
√
Zmat Ein D R
2A Iout
e−αd ejkd.  !"#I%
IJ
 !"! #$%&'() *+%',-*./01$) () #)2+1) (+ 3*1*#4%1) 5'5
./5$*/1) B/A )5 $#/22/'5,1$-)3%/'5
(678 9: 68 <,=:88>8? 9:8 @A7B<A78 =: BC678@:CB 8A7B =DE7<:8 F G6CB<C =:8 A>C67B8 :B
=:8 B:78<A78 =H:7BCD: :B =: 8ACB<: 6>I JAC7:8 => BC678=>B:>C!
(678 9: K6G<BC: "!L!M? 9H:IGC:88<A7 =: 96 GC:88<A7 K6CNA7<O>: C:P>:? P recI,2 ? G6C 9: BC678,
=>B:>C QDO>6B<A7 "!RST =DG:7=8 7AB6NN:7B => G6C6NUBC: 7A7 9<7D6<C: β :B =: 96 GC:88<A7
@A7=6N:7B69: 6> 6CCD?
(
P emiI,1
)2
! +7: 69<JC6B<A7 => BC678=>B:>C :7 DN<88<A7 :B :7 CD,
:GB<A7 6>I @CDO>:7:8 @A7=6N:7B69: :B =A>J9: G:CN:BB:7B =: =DB:CN<7:C 9:8 7<V:6>I =:
GC:88<A7 DN<8 :B C:P>8 G6C 9: BC678=>B:>C! 2A<B 96 GC:88<A7 DN<8: F 96 @CDO>:7: @A7=6,
N:7B69: :8B =DE7<: G6C W P emiI,1 = H
emi
I I
out
I,1 :B 96 GC:88<A7 C:P>: F 96 @CDO>:7: =A>J9: G6C
P recII,1 = H
rec
II I
out
II,1! .: G6C6NUBC: β G:>B 69AC8 XBC: =D=><B!
36C A78DO>:7B? 9:8 @A7B<A78 =: BC678@:CB 8><V67B:8 8A7B =DE7<:8 ANN: W
Y HemiI :8B 96 @A7B<A7 =: BC678@:CB => BC678=>B:>C :7 DN<88<A7 688A<D: F 96 @CDO>:7:
@A7=6N:7B69:?
Y HrecI :8B 96 @A7B<A7 =: BC678@:CB => BC678=>B:>C :7 CD:GB<A7 688A<D: F 96 @CDO>:7:
@A7=6N:7B69:?
Y HrecII :8B 96 @A7B<A7 =: BC678@:CB => BC678=>B:>C :7 CD:GB<A7 688A<D: F 96 @CDO>:7:
=A>J9:!
5ABA78 O>: HemiI :B H
rec
I 688>C:CA78 96 =DB:CN<76B<A7 9:8 G6C6NUBC:8 6A>8B<O>:8 9<7D6<C:8
G6C 96 GC<8: :7 ANGB: =: 96 V6C<6B<A7 =: 96 K6CZ: 6A>8B<O>:! )99:8 8H:IGC<N:7B G6C W
HemiI =
P emiI,1
IoutI,1
=
√
Zmat EinI
2A IoutI,1 DI,1 R1
eα1d ejk1d, Q !"LT
:B?
HrecI =
P recI,1
IoutI,1
=
√
Zmat EinI DI,1 R2
2A IoutI,1
e−α1d ejk1d. Q !"[T
.:8 @A7B<A78 =: BC678@:CB HemiI :BH
rec
II O>67B F :99:8 G:CN:BB:7B =: =DB:CN<7:C 9: 7<V:6>
=: GC:88<A7 C:8G:B<V:N:7B => K6NG =: GC:88<A7 DN<8 F 96 @CDO>:7: @A7=6N:7B69: :B C:P>
F 96 @CDO>:7: K6CNA7<O>:! -:BB: =:C7<UC: 8HDC<B 8A>8 96 @ACN: W
HrecII =
P recII,1
IoutII,1
=
√
Zmat EinI DII,1 R2
2A IoutII,1
e−α2d ejk2d. Q !"\T
.6 GCAD=>C: =: 69<JC6B<A7 688>C: 96 =DB:CN<76B<A7 =:8 @A7B<A78 =: BC678@:CB => BC678,
=>B:>C :7 DN<88<A7 :B :7 CD:GB<A7! .6 A776<8867: =: :8 =:C7<UC:8 G:CN:B =: 69>9:C
R\
 !"! #$%&'() *+%',-*./01$) () #)2+1) (+ 3*1*#4%1) 5'5
./5$*/1) B/A )5 $#/22/'5,1$-)3%/'5
678 9:;:<=>;78 :@A8>BCA78 6BDE:B;78 7> :BD8BF G7 9;7DG;7 7D @<9>7 6: H:;B:>B@D G7 6: I:;J7
:@A8>BCA7 GA <:>E;B:A 7D EH@6A>B@D! (7 96A8F @DD:B88:D> G7 HemiI 7> H
rec
II 7> G78 @A;:D>8
G7 8@;>B7F 678 I:<98 G7 9;788B@D8 E<B8 7> ;7KA8 8@D> GEGAB>8 ;7897>BH7<7D> :AL M;ECA7D78
M@DG:<7D>:67 7> I:;<@DBCA7!
NO
 ! ! "#$%&'()*$(+) "%, -*&*'.$&%, /()#*(&%,
 ! "#$%&'()*$(+) ,%- .*&*'/$&%- 0()#*(&%-
"012 4 50607605849 :0 ;<=46>?10=?@1 ;42 5060>A=642 :?1<0?642 42= 56<241=<4! /0 <:<6?=<
4= :B0==<1C0=?@1 ;42 @1;42 C:=602@1@642 2@1= ;<=46>?1<42 D 506=?6 ;4 :0 >42C64 ;4 :0 56422?@1
64EC4 506 :4 =6012;C=4C6!
 ! !" #$%&'(()*+ ,' -. %&'(()*+ &'/0'
/0 56422?@1 64EC4 0CF G@6142 ;C =6012;C=4C6 2B4F56?>4 2@C2 :0 H@6>4 2C?I01=4 J
P recI = P
emi
I e
−jkI2d e−α12d R1 DI , K !LMN
*O1 ;B022C646 C14 8@>@7<1<?=< ;42 4F56422?@129 :42 H@1=?@12 ;4 =6012H46= 2@1= ;<O1?42
D 506=?6 ;42 @C601=2 ;4 2@6=?4 K<PC0=?@12  !L 4=  !LQN!
/42 56@56?<=<2 ;C >0=<6?0C ;B<=C;4 2@1= I06?0G:42 0C @C62 ;C =4>52! /0 80674 ><R
01?PC4 055:?PC<4 D :0 2C6H04 ;C =6012;C=4C6 ;<541; 0C22? ;4 4==4 <I@:C=?@1! S4==4
I06?0=?@1 ;4 80674 ?1;C?= ;42 I06?0=?@12 2C6 :0 56422?@1 D :B<>?22?@1 4= D :0 6<45=?@1 4=
;@1 2C6 :4 @C601= ;4 2@6=?4 0C @C62 ;4 :B<I@:C=?@1 ;C >0=<6?0C! /0 56422?@1 64EC4 42=
@>506<4 0I4 20 I0:4C6 0C 564>?46 ?12=01= ;4 :0 6<0=?@1! /42 I06?0G:42 <I0:C<42 0C 564R
>?46 ?12=01= ;4 :0 6<0=?@1 2@1= 1@=<42 X˜ ! "012 :4 02 @1=60?649 :0 I0:4C6 ;<541;60 ;C
=4>52! /4 6055@6= ;42 @C601=2 ;4 2@6=?4 41=64 :4 564>?46 ?12=01= 4= :42 ?12=01=2 0CF @C62
;4 :B<I@:C=?@1 Kt 6= 0N ;4I?41= J
P recI
P˜ recI
=
P emiI
P˜ emiI
e−j2d(kI−k˜I) e−(α1−α˜1)2d
R1
R˜1
DI
D˜I
. K ! TN
/B<PC0=?@1 K ! TN >@1=64 PC4 :42 I06?0=?@12 ;4 :0 56422??@1 64EC9 P recI 9 ;<541;41= ;42
I06?0=?@12 ;C @4U?41= ;4 6<V4F?@19 ;4 :0 ;?W60=?@1! X6Y4 D :0 ;<O1?=?@1 ;42 56422?@129
:42 H@1=?@12 ;4 =6012H46= 41 <>?22?@1 4= 41 6<45=?@1 2@1= ?1=6@;C?=42 J
P recI
P˜ recI
P˜ emiI
P emiI
=
HrecI
H˜recI
H˜emiI
HemiI
. K ! LN
/42 ;?W<641=2 6055@6=2 J R1/R˜19 DI/D˜I 9 H
emi
I /H˜
emi
I 4= H
rec
I /H˜
rec
I 14 54CI41= 5:C2 Z=64
@12?;<6< @12=01= 5@C6 ;42 >0=<6?0CF ;@1= :42 56@56?<=<2 I?2@R<:02=?PC42 <I@:C41= 0CF
@C62 ;C =4>52! (:2 ;@?I41= Z=64 ;<=46>?1<2 D 80PC4 ?12=01=!
[T
 ! ! "#$%&'()*$(+) "%, -*&*'.$&%, /()#*(&%,
 ! ! "#$#%&'# ()* +,()* -$'%.*+,+%)*
/012345678 9 ! :; <=>6=85 ?
e(α1−α˜1)2d ej2d(k−k˜) =
HemiI
H˜emiI
R1
R˜1
DI
D˜I
H˜recI
HrecI
. 9 !  ;
*@8 <= <15=AB68=A C0=DEA=FF678 <= C4 1C1A651 <=F 78<=F 3C5A4F787A=F <48F C= B451A643
<0153<= =8 1>7C35678H C04AI3B=85 <= C012345678 9 !  ; =F5 1>4C31 ?
c =
1
1
c˜ +
+arg(DI/D˜I)+arg(HemiI /H˜
emi
I )+arg(H˜
rec
I /H
rec
I )
2ωd
. 9 ! J;
"48F 875A= 4FH C4 I4BB= <= KA123=8= 356C6F1= =F5 EA7L= <= C4 KA123=8= <= A1F7848=
<3 5A48F<35=3A! * C4 KA123=8= <= A1F7848= <3 5A48F<35=3AH C04AI3B=85 <= C4 K785678 <=
5A48FK=A5 =F5 <= M1A7 <1IA1=! /4 E4A56= 6B4I6846A= <= C06BE1<48= <0=85A1= <3 5A48F<35=3A
15485 EA7L= <= M1A7 =C4 F6I86@= 23= C4 EA=FF678 =5 C= 73A485 E=3>=85 N5A= 78F6<1A1F =8
EL4F=! *68F6H C=F 4AI3B=85F <=F A4EE7A5F <=F K785678F <= 5A48FK=A5 F785 81IC6I=4OC=F! "=
EC3FH C=F B451A643D <0153<= 15485 K46OC=B=85 455183485H C4 >4A645678 <= EL4F= =F5 K46OC=!
*68F6H C4 1C1A651 <=F 78<=F 473F5623=F F=A4 =DEA6B1= E4A ?
c =
1
1
cinit
+ arg(D/D
init)
2ωd
. 9 ! P;
 ! !/ 0''#,-.'&+, ()* +,()* -$'%.*+,+%)*
/0=DEA=FF678 <= C045518345678 <=F 78<=F 3C5A4F787A=F =F5 <1@86= Q E4A56A <3 B7<3C= <=
C012345678 9 !  ; ?
α = α˜− 1
2d
ln
(
H˜emiI
HemiI
HrecI
H˜recI
R˜1
R1
D˜I
DI
)
. 9 ! R;
-73A 4C3C=A C045518345678 4OF7C3=H 6C K435 EA=8<A= =8 7BE5= C068S3=8= <= C4 L4AI=
473F5623= <3 5A48F<35=3A! *68F6H C4 <15=AB6845678 <= C045518345678 E4FF= E4A C4 78846FT
F48= <3 7=U6=85 <= A1S=D678H <3 7=U6=85 <= <6VA45678 =5 <=F K785678F <= 5A48FK=A5 <3
5A48F<35=3A! /=F <=3D 7=U6=85F <= A1S=D678 =5 <= <6VA45678 F785 <6A=5=B=85 1>4C31F
Q E4A56A <= C=3AF =DEA=FF678F B=8567881=F <48F C= L4E65A= EA11<=85 9E4A4IA4EL= W!X;! /=F
K785678F <= 5A48FK=A5 <3 5A48F<35=3A =8 1B6FF678 =5 =8 A1=E5678 912345678F  !WJ =5  !WR;
XW
 ! ! "#$%&'()*$(+) "%, -*&*'.$&%, /()#*(&%,
012340345 03 6785514985:;4 084< 63 =:6:39! >43 2?;109?3 ?19?<:A3 3<5 28? ;4<1B9345 =:<3
34 2683 2;9? 0153?=:43? 6785514985:;4!
"84< 94 2?3=:3? 53=2<C 6785514985:;4 3<5 1A86913 <3963=345 D 28?5:? 03< ;3E:345 03
?1F35:;4!
αest = α˜− 1
2d
ln
(
R˜1
R1
)
. G ! HI
J3553 A8639? 3<5:=13 G1B985:;4  ! HI 23?=35 63 8696 03< K;45:;4< 03 5?84<K3?5 09 5?84<L
09539? 89 ;9?< 03 68 K;?=85:;4 09 =851?:89! *:4<:C 68 A8639? 03 6785514985:;4 G1B985:;4
 ! MI 2395 N5?3 0153?=:413 D 28?5:? 03 68 ;448:<<843 03< K;45:;4< 03 5?84<K3?5 HemiI 35
HrecI 89 ;9?< 09 53=2<! /8 A8639? 8:4<: ;O53493 23?=35 03 86963? D 4;9A389 63< K;45:;4<
03 5?84<K3?5 09 5?84<09539?! J3< 03?4:P?3< ?3869613< 23?=355?;4< 03 0153?=:43? 673Q2?3<L
<:;4 03 6785514985:;4 G1B985:;4  ! MI! (6 <9E5 03 5 :51?85:;4< 2;9? B93 63 8696 ;4A3?R3
8A3 943 2?1:<:;4 03 0, 5%!
0 50 100 150
0.115
0.12
0.125
0.13
0.135
0.14
0.145
0.15
0.155
Temps (min)
A
tt
é
n
u
a
ti
o
n
 (
N
p
/m
)
Atténuation corrigée
Atténuation estimée
 !"#$%  ! S '3<9?3 03 6785514985:;4 084< 94 =851?:89 <;6LR36 8A3 G4;:?I 35 <84< G?;9R3I
68 2?:<3 34 ;=253 03 68 K;45:;4 03 5?84<K3?5 09 5?84<09539?!
/8 TR9?3  ! =;45?3 084< 94 8< 3Q21?:=34586 67:4F9343 03 68 2?:<3 34 ;=253 03
68 K;45:;4 03 5?84<K3?5 <9? 63 8696 03 6785514985:;4! /3< ;9?O3< 34 ?;9R3 35 34 O639
?32?1<3453 ?3<235:A3=345 6785514985:;4 3<5:=13 D 28?5:? 03 671B985:;4 G ! HI 35 6785514985:;4
H 
 ! ! "#$%&'()*$(+) "%, -*&*'.$&%, /()#*(&%,
1223456 726898: 68 1;7:6 <9 =18:318 >6 :298?=62:! /@5A1<B:318 >6 <9 C9246 3;7<3DB6
B86 5A1<B:318 >6 <9 =18:318 >6 :298?=62:! E6::6 5A1<B:318 38FB686 >326:6;68: <9 ;6?B26
>6 <@9::58B9:318! "98? <9 ?B3:6 >6 81:26 5:B>6G <@9::58B9:318 >6? 18>6? B<:29?18126? 6?:
>5:62;3856 H 792:32 >6 <@6I726??318 >6 <@9::58B9:318 1223456 J5DB9:318  ! KL!
MN
 !"! #$%&'()*+%),* #- .,&//).)&*% *,* 0)*$+)'&
 !" #$%&'()*+%),* -. ,&0)&*% *,* 1)*$+)'&
01 3145167 636 8569:5;1 1<7 =9=>57 =1 8?1@A;1<<536 =1 8: A;1<<536 B 8: C;9D>161 E:;F3G
65D>1 2 ;1H>1 A:; 81 7;:6<=>71>; :A;I< A;3A:J:7536 B 7;:K1;< 81 F5851> =?97>=1! 0: A;1<<536
1<7 =971;F5691 B A:;75; =1 8: C367536 =1 7;:6<C1;7L HrecII L 17 =1 8: 3FA3<:671 => <136=
E:;F365D>1 => <A17;1 =1 IoutI MA:;:J;:AE1  !N!"O! P;Q1 B 8: =93FA3<57536 16 <3FF1< =1
J:><<51661<L 81 3145167 636 8569:5;1 1<7 =9=>57 =1< F1<>;1< =1 8: A;1<<536 B 8: C;9D>161
E:;F365D>1 2 ;1H>1!
 !"!# $%&'())*+, -( ./ &'())*+, 0 ./ 1'234(,( 6/'7+,*34( 2 '(84(
#:6< 8: F97E3=1 16 9F5<<536G;91A7536L 81< 36=1< >87;:<363;1< <367 J969;91< 17 <1 A;3G
A:J167 B 7;:K1;< 81 F5851> =?97>=1< A>5< <367 ;9R9E51< :K:67 =?S7;1 ;1>158851< B 8: <>;C:1
=> 7;:6<=>71>;! #:6< 8?ETA37EI<1 =1 ;9J5F1 D>:<5G8569:5;1L 8: A;1<<536 B 8: C;9D>161 E:;G
F365D>1 ;1H>1 2 <1 =93FA3<1 16 =1>@ 71;F1< U
P recI,2 = P
A
I,2 + P
R
I,2. M ! VO
01< =1>@ A;1<<536< PAI,2 17 P
R
I,2 567;3=>571< A:; 8?9D>:7536 M9D>:7536  ! VO ;1<A175K1F167
8: A;1<<536 B 8: C;9D>161 E:;F365D>1 2 J969;91 =:6< 81 F5851> 83;< =1 8: A;3A:J:7536 :881;
=1< 36=1< >87;:<363;1< 17 1881 J969;91 =:6< 81 F5851> =1 A;3A:J:7536 83;< => ;173>; =1< 36=1<
>87;:<363;1< <367 =36691< A:; 81< 9D>:7536< <>5K:671< WX:6=1; (1>816 17 Y:>F1<<1;L  ZZ[℄ U
PAI,2 =
−jk22β
(
P emiI,1
)2
R1
8πρc2
e2α2f
2he−2jk2hD1, M ! [O
17L
PRI,2 =
−jk22β
(
P emiI,1 R1
)2
8πρc2
e2α2f
2he−2jk1heα1(2f)
2he−2jk2hD2. M ! ]O
03;< =1 8?:881;L 81< 36=1< F9:65D>1< <1 A;3A:J167 ^><D>?:> ;9R171>;! &881< <367 :83;<
;9R9E51<! 0: A;3A:J:7536 =1< 36=1< :88:67 => ;9R171>; :> 7;:6<=>71>; 1<7 D>:85_91 =1
A;3A:J:7536 ;173>;!
+_6 =?588><7;1; 8: A;3A:J:7536 =1< E:FA< =1 A;1<<536< B 8: C;9D>161 E:;F365D>1 2L 81
:8>8 : 979 1`17>9 <>; >6 F:79;5:> 561;71L F3=I81 >7585<9 3FF1 ;9C9;161 =:6< 8?:AA85:G
7536 :> E:A57;1 a! .1 F:79;5:> F3=I81 561;71 1<7 >6 F98:6J1 =?1:> 17 =1 F97E:638 =:6<
ba
 !"! #$%&'()*+%),* #- .,&//).)&*% *,* 0)*$+)'&
123 45646578693 :61;<8=;23 90/10 38<;1>97 12 <>7?58>; @A?7;@2 @>93 369 ?7>7 89878>1! .23
>5>7?58378=;23 :872332C >77?9;>7869 27 @29387? 3697 699;23!
0 0.005 0.01 0.015 0.02
0
1000
2000
3000
4000
5000
6000
7000
Distance de propagation (m)
P
re
s
s
io
n
 (
P
a
)
P
R
I,2,géné
P
A
I,2,géné
P
A
I,2,propa
P
rec
I,2
 = P
A
I,2,propa P
R
I,2,géné
+
 !"#$%  !" # $%&'()(*+&, -. /( '%.00+&, 1 /( 2%345.,. 7(%8&,+45. 2 )3,3%3. 1 /9+,*3:
%+.5% -(,0 5, 83/(,). .(5;83*7(,&/ 0+85/(,* /93*(* +,+*+(/ -5 8(*3%+(5 -93*5-. (/5/3.
)%<. 1 /( -3&8'&0+*+&, ., 0&88.0 -. )(500+.,,.0 (=. 5, %3>.*.5% ?(/58+,+58@ -&,*
/9+8'3-(,. (&50*+45. .0* '/50 )%(,-. 45. .//. -5 8(*3%+(5 -93*5-.!
A( B)5%.  !" 8&,*%. /.0 '%.00+&,0 )3,3%3.0 (5 &5%0 -. /( '%&'()(*+&, -(,0 5, 8(*3%+(5
-93*5-.! C5% /9(D. -.0 (E0+00.0F /( -+0*(,. -. '%&'()(*+&, -(,0 /. 8+/+.5 (=. 1 )(57. /.
*%(,0-5*.5% .* 1 -%&+*. /( 05%2(. %3>37+00(,*. .0* %.'%30.,*3.! A9(8'/+*5-. -.0 '%.00+&,0
%.'%30.,*3. 05% /. )%('7+45. .0* +,-+453. 05% /9(D. -.0 &%-&,,3.0!
G&,0+-3%&,0 /.0 '%.00+&,0 0. '%&'().(,* /&%0 -. /9(//.%F ., *%(+* '/.+, .0* %.'%30.,*3 /(
'%.00+&, 1 /( 2%345.,. 7(%8&,+45. 2 )3,3%3.F PAI,2,gene! G.**. '%.00+&, .0* (/&%0 %3>37+. 1
/9+,*.%2(. .,*%. /. 8+/+.5 -93*5-. .* /9(/58+,+58! A( '%.00+&, 1 /( 2%345.,. 7(%8&,+45. 2
)3,3%3. /&%0 -. /9(//.% 0. '%&'(). /+,3(+%.8.,* ('%H0 %3>.D+&,F PAI,2,propa! I'%H0 %3>.*+&, -.0
&,-.0 5/*%(0&,&%.0F /( '%.00+&, )3,3%3. (5 %.*&5% 1 '(%*+% -. /( '%.00+&, 1 /( 2%345.,. 2&,:
-(8.,*(/. %3>37+. .0* ,&*3. PRI,2,gene! A( 0&88. -.0 -.5D '%.00+&,0 P
A
I,2,propa .* P
R
I,2,gene
%.'%30.,*. /( '%.00+&, 1 /( 2%345.,. 7(%8&,+45. 2 %.J5. '(% /. *%(,0-5*.5% ('%H0 '%&'(:
)(*+&, (//.%:%.*&5% -(,0 /. 8+/+.5 -93*5-.F P recI,2 !
KL
 !"! #$%&'()*+%),* #- .,&//).)&*% *,* 0)*$+)'&
0123 45 67866529 68 :2533;1< = 68 >2?@A5<5 C82D1<;@A5 2 E?<?2?59 PAI,2,gene9 21FG HA3@A7=
68 3A2>85 45 2?I5G;1< :1A2 8GG5;<425 4500 J8! 05 15K;5<G 45 2?I5L;1< 53G 48<3 5 83
:21C5 45 1 M;; 0, 89N9 68 :2533;1< = 68 >2?@A5<5 C82D1<;@A5 2 E?<?2?5 6123 45 6786652 35
2?I?C;5 @A83;D5<G 38<3 :52G5! .5GG5 :2533;1< 35 :21:8E5 6;<?8;25D5<G HA3@A7= 68 3A2>85 4A
G28<34AG5A2! 08 :2533;1< = 68 >2?@A5<5 >1<48D5<G865 35 2?I?C;5 = 67;<G52>85 86AD;<;AD 5G
65 D8G?2;8A 47?GA45! 0123 4A 25G1A29 68 :2533;1< = 68 >2?@A5<5 >1<48D5<G865 8:2O3 2?I5G;1<
E?<O25 48<3 65 D8G?2;8A 47?GA45 A<5 :2533;1< = 68 >2?@A5<5 C82D1<;@A5 2 21;338<G59
PRI,2,gene! +;<3;9 68 :2533;1< = 68 >2?@A5<5 C82D1<;@A5 2 E?<?2?5 48<3 675<35DP65 4A D8G?2;8A
53G 68 31DD5 453 :2533;1<3 = 68 >2?@A5<5 C82D1<;@A5 2 E?<?2?53 6123 45 6786652 5G 4A 25G1A2!
&665 25:2?35<G5 48<3 5GG5 5L5D:65 7000 J8!
08 E?<?28G;1< <1< 6;<?8;25 35 ADA65<G 6123 45 6786652 5G 4A 25G1A2 453 1<453 D?8<;@A53
45 :2533;1<3! Q; 653 1<453 31<G 5< :C8359 86123 68 E?<?28G;1< 53G 21;338<G5!
 !"! #$%&'$' )& *+%','&*
05 28::12G 453 ;D:?48<53 81A3G;@A53 5<G25 65 D8G?2;8A 47?GA45 5G 6786AD;<;AD ;<IA5
4;25G5D5<G 3A2 65 15K;5<G 45 2?I5G;1<! +R< 478S1;2 A<5 2?I5G;1< 1:G;D865 453 1<4539
65 1<G283G5 81A3G;@A5 41;G TG25 ?65S?! #5 :6A39 ;6 >8AG @A5 653 1<453 D?8<;@A53 31;5<G 5<
:C835 8R< @A5 68 E?<?28G;1< <1< 6;<?8;25 31;G 1<3G2AG;S5! +;<3;9 45AL GU:53 45 2?I5G5A23
:5AS5<G TG25 4;V?25<;?3 W 5AL 41<G 67;D:?48<5 81A3G;@A5 53G :6A3 >8;P65 5G 5AL 41<G
67;D:?48<5 81A3G;@A5 53G :6A3 E28<45 @A5 5665 4A D8G?2;8A 47?GA45! #8<3 65 :828E28:C5
:2??45<G9 68 :21:8E8G;1< 453 :2533;1<3 = 68 >2?@A5<5 C82D1<;@A5 2 E?<?2?5 48<3 65 D8G?X
2;8A 47?GA45 8 ?G? 4?2;G5 @A8<4 65 2?I5G5A2 = A<5 ;D:?48<5 81A3G;@A5 :6A3 E28<45 @A5
5665 4A D8G?2;8A!
08 REA25  !Y D1<G25 68 :21:8E8G;1< 453 :2533;1<3 = 68 >2?@A5<5 C82D1<;@A5 2 E?<?2?53
= 67;<G?2;5A2 4A D8G?2;8A 47?GA45 8S5 A< 2?I5G5A2 41<G 67;D:?48<5 81A3G;@A5 53G :6A3
>8;P65 @A5 5665 4A D8G?2;8A 47?GA45! 0123 45 67866529 68 E?<?28G;1< 45 68 :2533;1< = 68
>2?@A5<5 C82D1<;@A5 2 375V5GA5 1DD5 48<3 65 83 :2??45<G! &< 5V5G9 68 :2533;1< 21FG
:1A2 8GG5;<425 A<5 :2533;1< E?<?2?5 6123 45 6786652 = 68 3A2>85 4A 2?I5G5A2 45 4500 J8!
.5GG5 :2533;1< = 68 >2?@A5<5 C82D1<;@A5 29 PAI,2,propa9 35 :21:8E5 6;<?8;25D5<G 6123 4A
25G1A2! 08 :2533;1< = 68 >2?@A5<5 >1<48D5<G865 ?D;35 5G :21:8E?5 6123 45 6786652 E?<O25 A<5
ZZ
 !"! #$%&'()*+%),* #- .,&//).)&*% *,* 0)*$+)'&
0 0.005 0.01 0.015 0.02
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
Distance de propagation (m)
P
re
s
s
io
n
 (
P
a
)
P
A
I,2,propa
P
R
I,2,géné
P
A
I,2,géné
P
rec
I,2
 = P
A
I,2,propa + P
R
I,2,géné
 !"#$%  !1 2 34567879:5; <= >7 64=??:5; @ >7 A4BCD=;= F74G5;:CD= 2 8B;B4B= @ >H:;9B4:=D4
<D G79B4:7D <HB9D<= 7>D>B 84I= @ >7 <B5G65?:9:5; =; ?5GG=? <= 87D??:=;;=? 7J= D;
4BK=9=D4 L7:4M <5;9 >H:G6B<7;= 75D?9:CD= =?9 6>D? A7:N>= CD= =>>= <D G79B4:7D <HB9D<=!
64=??:5; @ >7 A4BCD=;= F74G5;:CD= 2 >54? <D 4=95D4O PRI,2,gene!
PD7;< >= 4BK=9=D4 =?9 <= >H7:4 L4BK=9:5; @ >7 ?D4A7= <D >:CD:<=MO >H:G6B<7;= 75D?Q
9:CD= <D 4BK=9=D4 =?9 <= 387, 9 ('7! 0H:G6B<7;= 75D?9:CD= =?9 6>D? A7:N>= CD= =>>= <D
G79B4:7D <HB9D<=O GRG= ?: >= 4766549 <=? :G6B<7;= 75D?9:CD= =?9 847;<O >= 5=S:=;9 <=
4BK=9:5; =?9 7>54? 6=D <:TB4=;9 <= −1! 0=? 5;<=? D>947?5;54=? 4BKBF:=? ;= ?5;9 7>54? 6>D?
=; 6F7?=! #= =99= 5665?:9:5; <= 6F7?=O >7 64=??:5; @ >7 A4BCD=;= F74G5;:CD= 2 9597>= ?=
;= DGD>= 67? =;94= >H7>>=4 =9 >= 4=95D4!
+:;?:O >H:G6B<7;= 75D?9:CD= <D 4BK=9=D4 <5:9 R94= 6>D? 847;<= CD= =>>= <D G79B4:7D
<HB9D<= 65D4 7??D4=4 >7 5;<:9:5; DGD>79:J= <=? =T=9? ;5; >:;B7:4=? 764U? >7 4BK=V:5; <=?
5;<=? D>947?5;54=?!
 !"!" #$%&'(()*+ ,- *'/)'+0 +*+ 1)+23)&' β
+W; <= <B9=4G:;=4 >= 5=S:=;9 ;5; >:;B7:4=O 4=J=;5;? @ >H=V64=??:5; <= >7 64=??:5;
@ >7 A4BCD=;= F74G5;:CD= 2 4=XD= 674 >= 947;?<D9=D4 764U? 64567879:5; 7>>=4 =9 4=95D4
<7;? >= G79B4:7D <HB9D<= LBCD79:5;  ! YM! 0H=V64=??:5; <B6=;< <=? 64=??:5;? 8B;B4B=? >54?
ZY
 !"! #$%&'()*+%),* #- .,&//).)&*% *,* 0)*$+)'&
123 4567243 68825 9:;<64=>?  ! @A 24 524><5 9:;<64=>?  ! BA! 02 >2D=2?4 ?>? 8=?:6=52 6EE6F
56G4 16?3 23 12<H :;<64=>?3I 6E5J3 823 6K>=5 611=4=>??:23! 0L2HE5233=>? 1< >2D=2?4 ?>?
8=?:6=52 3L2HE5=M2 E65 N
β =
−8πρc2
jk22
1
R1e2α2f
2he−2jk2h(D1 +R1e−2jk1heα1(2f)
2hD2)
P recI,2(
P emiI,1
)2 . 9 !"OA
0L2HE5233=>? 1< >2D=2?4 ?>? 8=?:6=52 P6=4 6EE656G452 1=Q:52?43 425M23 1:7R 2HE>3:3
E5::12MM2?4! 023 12<H E52M=253 425M23 1:E2?12?4 12 86 :8:5=4:I cI 12 8L644:?<64=>? 1<
M=8=2< 1L:4<12I αI 6=?3= ;<2 1< >2D=2?4 12 1=Q564=>?I D1I 24 12 5:S24=>?I R1! T><5
633<525 86 1:425M=?64=>? 1< >2D=2?4 ?>? 8=?:6=52I =8 P6<4 ;<2 8L2?32MU82 123 E656MJ4523
3>=2?4 1:425M=?:3!
06 :8:5=4: 24 8L644:?<64=>? 123 >?123 <84563>?>523 6< 32=? 1< M64:5=6< 3>?4 M23<5:23 24
1:425M=?:23 E65 823 2HE5233=>?3 9:;<64=>?3  ! " 24  ! VA! 023 P>?4=>?3 12 456?3P254 1< 456?3F
1<42<5 633<52 86 1:425M=?64=>? 2H642 12 86 :8:5=4: 24 12 8L644:?<64=>?! 0L2HE5233=>? 12 86
P>?4=>? 12 1=Q564=>? 234 1:5=42 8>53 1L<?2 E5>E6W64=>? 6K2 <? 456?31<42<5 :M2442<5 24
5:2E42<5 12 MXM2 1=M2?3=>? E65 8L=?4:W564=>? 2? 3>MM23 12 W6<33=2??23 9:;<64=>? Y!ZOA!
02 >2D=2?4 12 5:S24=>? 234 86 >MU=?6=3>? 123 =ME:16?23 6><34=;<23 1< M64:5=6<
1L:4<12 24 1< 5:S242<5 9:;<64=>?  !VA!
02 45>=3=JM2 425M2 12 8L2HE5233=>? 1< >2D=2?4 ?>? 8=?:6=52 9:;<64=>?  !"OA 1:E2?1
123 E5233=>?3 R 86 P5:;<2?2 [65M>?=;<2 2 52\<23I P recI,2 I 24 123 E5233=>?3 R 86 P5:;<2?2
P>?16M2?46823 :M=323I P emiI,1 ! 06 1:425M=?64=>? 123 E5233=>?3 ?:233=42 86 68=U564=>? 1<
456?31<42<5! +=?3= >??6=336?4 86 P>?4=>? 12 456?3P254 1< 456?31<42<5 2? :M=33=>? 63F
3>=:2 R 86 P5:;<2?2 R 86 P5:;<2?2 P>?16M2?4682I 9:;<64=>?  !YZAI 24 2882 2? 5:2E4=>?
633>=:2 R 86 P5:;<2?2 1><U82I 9:;<64=>?  !Y@AI 6=?3= ;<2 86 M23<523 123 ><56?43 12 3>5F
4=2I 823 E5233=>?3 3>?4 1:425M=?:23! *><3 >?3464>?3 12 8L2HE5233=>? ;<2 82 >2D=2?4 ?>?
8=?:6=52 234 E5>E>54=>??2882 6< 56EE>54 123 E5233=>?3 P recI,2 /
(
P emiI,1
)2
!
Z@
 !"! #$%&'()*+%),* #- .,&//).)&*% *,* 0)*$+)'&
 !"$%&'!"
#123 5 61789:5; <1 =>96?@5 133A:129 <1 @>95:=82198?2 1B3?<A5 @53 71:1=C9:53 <82>18:53
59 2?2 <82>18:5 D 71:98: @5 =53A:53 1?A398EA53 52 >=8338?2F:>5798?2 1 >9> 7:>3529>5! .5995
=>96?@5 539 B13>5 3A: <1 1<8B:198?2 @A 9:123@A95A: 59 75:=59 @5 @>95:=825: <5 28G51A
@53 61=73 @5 7:5338?23 D <1 H:>EA525 H?2@1=5291<5 59 61:=?28EA5 2! 01 1<8B:198?2 @A
9:123@A95A: @?89 I9:5 5J59A>5 D 61EA5 =53A:53 7?A: @53 =19>:81AK 52 >G?<A98?2 1A ?A:3
@A 95=73 1: <5A:3 61:L53 1?A398EA53 >G?<A529 1A ?A:3 @A 95=73!
MN
 !"! #$%&'()*+%),* #- .,&//).)&*% *,* 0)*$+)'&
12
 !"#$%&' (
 !"#$%&'&()% *+ *(#,)#(&(-
$.,"!(/$%&'0 $& *$ #' 1'0(*'&()%
 ! "#$%&'( !)$&*!,-./#( (0 #"-11-&0*/#(2$-&0 %&-1-( (1$ "-1( (0 3)4/(5  ( '-12&*
1-$-6 (72#/-"(0$!,( ($ ,8-01$/)"(0$!$-&0 )$-,-1#( 2&)/ ,(1 "(1)/(1 1&0$ '#$!-,,#15  ! (,,),(
'( "(1)/( ! #$# &09)( !:0 '( /#2&0'/( !)7 '-;#/(0$1 /-$</(1 !11)/!0$ ,8&2$-"-1!$-&0
'( ,! "(1)/( '(1 2!/!"<$/(1 !&)1$-=)(1 2&)/ '(1 "!$#/-!)7 '&0$ ,(1 2/&2/-#$#1 4!/-(0$
,(0$("(0$ '!01 ,( $("215
 ! '(1/-2$-&0 '( ,8-01$/)"(0$!$-&0 (1$ 1)-4-( '(1 %&-7 $(%0&,&>-=)(1 2/(0!0$ (0
&"2$( ,(1 '-;#/(0$(1 &0$/!-0$(15 ?-01-@ ,( %&-7 '( ,! 1&)/( '( $(01-&0 ($ ') $/!01')*
$()/ 6&0$ 2!/$-( -0$#>/!0$( '( ,! '-1)11-&05 A, (0 4! '( "B"( 2&)/ ,8!22!/(-,,!>( !11)/!0$
,8!=)-1-$-&0 '(1 1->0!)7 ($ ,(1 $(%0-=)(1 '( $/!-$("(0$ '( 1->0!)75
C0:0@ )0( 4!,-'!$-&0 ') '-12&1-$-6 (72#/-"(0$!, (1$ (;($)#( 1)/ ,( "#$%!0&, ($ ,8(!)5
 ! "(1)/( ') 2!/!"<$/( 0&0 ,-0#!-/( '!01 ,( "#$%!0&, 2(/"($ '( '#$!-,,(/ ,! 2/&#')/( ($
'( /(4(0-/ 1)/ ,8(72/(11-&0 ') 2!/!"<$/(5  ( 2!/!"<$/( 0&0 ,-0#!-/( '!01 ,8(!) (1$ '#2(0'
'( ,! $("2#/!$)/(5 D0( "(1)/( ') B/A '!01 ,8(!) (0 6&0$-&0 '( ,! $("2#/!$)/( !11)/(
)0( 4!,-'!$-&0 'E0!"-=)( ') '-12&1-$-65
FG
 !"! #$%&'() )*+,-.#)%&'/
 !" #$%&'() )*+,-./)%&'0
/0 1234532627 0849:2;0<6=> ;23 0< 4>=0 45@: >= 1960:;2<=625< >03 12A9:0<63 4=:=;B6:03
@>6:=35<5:03 C9>9:269D =669<@=625<D 4=:=;B6:0 <5< >2<9=2:0E =@ 5@:3 1@ 60;43 036 19:26
4=: >= FG@:0  !"!
 !"#$%  !" H IJ9;= 1@ 1234532627 0849:2;0<6=> =33@:=<6 >= ;03@:0 103 4=:=;B6:03 @>6:=K
35<5:03 >2<9=2:03 06 <5<K>2<9=2:0 1@ ;=69:2=@ 4>=9 L >M2<69:20@: 10 >= 0>>@>0 10 ;03@:0!
/0 N@210 L =:=69:230: 036 4>=9 1=<3 @<0 0>>@>0 10 ;03@:0 0< =>@;2<2@;! O< 6:=<3K
1@60@: @>6:=35<5:0 75<625<<=<6 0< 9;23325<K:904625< 036 4532625<<9 0< 5<6=6 =P0 >0
N@210 L =:=69:230:! .> 036 08269 4=: @< 3Q36B;0 10 G9<9:=625< 10 6:=2< 1M5<10 R20< =1=469
L >= ;03@:0 10 4:54:2969 <5< >2<9=2:0! /M=S@232625< 036 0A06@90 L >M=210 1M@<0 =:60 1M=K
S@232625<! /M0<30;R>0 @P0D N@210D 6:=<31@60@: 036 4>=9 1=<3 @<0 96@P0 6J0:;536=690
G=:=<6233=<6 @<0 60;49:=6@:0 10 >M0<P2:5<<0;0<6 5<36=<60 06 5<6:>90!
UV
 !"! #$%&'() )*+,-.#)%&'/
 !"!" #$%&'($)''&%&'* +& ,- &,,/,& +& %&(/0&
/0 123045264403047 10 89 088;80 10 305;<0 4=055270 10 <05>070< ;4 04503?80 10
647<924705 @
A 8B23>=1940 96;572C;0 1; 397=<29; ;72825= >6;< 89 640>7264 10 89 088;80 10 305;<05
162D047 E7<0 644;05 9F4 10 >6;D62< 6449G7<0 80 60H2047 10 <=I0J264 9; K641 10
89 088;80L
A 805 1230452645 162D047 >0<3077<0 8B9C;2527264 1B;4 7<924 1B6410 9M947 0N07;= ;4
9880<O<076;< 1945 80 I;210 5945 5;>0<>6527264 1B=P65 >9<952705!
 !"!"!" #$%&'($) +,-%(%)$,% .$ /..)./
.8 <=5;870 1; >9<9Q<9>P0 R! !R C;0 8B23>=1940 96;572C;0 1; <=I070;< 1627 E7<0 >8;5
Q<9410 C;0 0880 1; 397=<29; 1B=7;10 >6;< 955;<0< 89 64127264 ;3;8972D0 105 0N075 464
824=92<05 9><S5 89 <=I0J264 105 64105 ;87<95646<05!
/0 397=<29; 10 640>7264 10 89 088;80 057 8B98;3242;3! .8 >0<307 1B6?7042< ;4 60KO
F2047 10 <=I0J264 =80D= 07 1B955;<0< 89 Q=4=<97264 P9<3642C;0 ;3;8972D0! /9 104527= 10
8B98;3242;3 057 10 ρrefl = 2740 TQU3
3
07 89 =8=<27= 105 64105 864Q27;1249805 V crefl = 6190
35
−1
! /B23>=1940 96;572C;0 1; <=I070;< 04 98;3242;3 057 10 Zrefl = 16, 9 #-9!
/6<5C;0 80 I;210 057 8B09;L 1647 805 9<97=<2572C;05 5647 ρeau = 1000 TQU3
3
07 ceau =
1496, 8 35−1 V 20oWL 8B23>=1940 96;572C;0 057 10 Zeau = 1, 5 #-9! /0 60H2047 10
<=I07264 1644= >9< 8B0J><055264 XR!YZ 057 986<5 =Q98 V R = 0, 8! +6;< 80 3=7P9468L 1647 805
9<97=<2572C;05 5647 ρmeth = 791 TQU3
3
07 cmeth = 1103 35
−1
L 8B23>=1940 96;572C;0 057
10 Zmeth = 0, 87 #-9! '2452L 80 60H2047 10 <=I07264 10D2047 R = 0, 9!
/05 397=<29;J 1B=7;105 5647 645727;=5 1B09; 07 10 3=7P9468! /9 D980;< 1; 60H2047
10 <=I07264 1B;4 3=894Q0 645727;= 1B09; 07 10 3=7P9468 9;<9 ;40 D980;< 2470<3=1292<0
047<0 0880 10 8B09; 07 0880 1; 3=7P9468!
 !"!"!0 1&+2&%'(/ 3/ .$ /..)./
/0 9<97S<0 ;3;8972K 105 0N075 464 824=92<05 23>650 ;40 1257940 10 ><6>9Q97264
32423;3 9F4 10 Q9<9472< ;40 305;<0 59725K9259470 10 8BP9<3642C;0 V 8B6<1<0 10;J! .2L 80
[ 
 !"! #$%&'() )*+,-.#)%&'/
01234 561325 476 9:64:1 3;:7 <; 4<<1<4 4: ;<1=2:21=> <; 3276;:4 34 ?@9?;A;629: 347 9:347
1<6@;79:9@47 476 9:32629::54 ?;@ <4 B9<1=4 34 <; 4<<1<4! $@ 4 B9<1=4 3926 C6@4 D;2E<4 ;@ <4
=;65@2;1 :F476 327?9:2E<4 G1F4: D;2E<4 G1;:6265! H4?4:3;:6> <4 6@;I46 34 <F9:34 3926 C6@4 <4
?<17 A@;:3 ?9772E<4 ?91@ ;771@4@ 1:4 @9277;:4 34 <FJ;@=9:2G14 3F9@3@4 341K 46 1: J;=?7
=;K2=;<! +91@ ;771@4@ <; 9:32629: 3F9:347 ?<;:47 LJM?96JN74 2:6@931264 <9@7 34 <; =274 4:
5G1;629: 31 ?@9E<N=4O> <4 6@;:731641@ 476 ?<;5 P <; <2=264 31 J;=? ?@9J4!
0 0.01 0.02 0.03 0.04 0.05
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Distance de propagation (m)
P
re
s
s
io
n
 n
o
rm
a
lis
é
e
0 0.01 0.02 0.03 0.04 0.05
0.7
0.75
0.8
0.85
0.9
0.95
1
Distance de propagation (m)
P
re
s
s
io
n
 n
o
rm
a
lis
é
e
h = 8, c = 1300 m/s
h = 2, c = 1060 m/s
L;O LEO
 !"#$%  !Q R H;<1< 347 J;=?7 34 ?@47729: P <; D@5G14:4 D9:3;=4:6;<4 :9@=;<275 74 ?@9S
?;A4;:6 3;:7 341K =;65@2;1K 3F56134 ;M;:6 1:4 B264774 347 9:347 1<6@;79:9@47 32T5@4:647
@4142<<27 P <; 71@D;4 3F1: @54?641@ ?9:614< L;O 46 34 32=4:729: U:24 LEO!
/; UA1@4  !Q @4?@574:64 <4 ;<1< 347 J;=?7 34 ?@47729: :9@=;<2757 @4V17 P <; 71@D;4
3F1: @54?641@ ?9:614< P A;1J4 46 =9M4::5 71@ <; 71@D;4 31 6@;:731641@ P 3@9264! H47
J;=?7 34 ?@47729: 79:6 ;<1<57 ?91@ 341K ;7 4K6@C=47 31 =;65@2;1 3F56134 39:6 <47
B2647747 79:6 9::147 46 9=?@2747 4:6@4 1060 =7−1 L62@467O 46 1300 =7−1 L6@;26 ?<42:O!
/4 ;<1< ; 565 4T4615 ;B4 1: 6@;:731641@ 34 D@5G14:4 4:6@;<4 L3, 5 #WXO! H4 J92K
64J:9<9A2G14 <25 ;1 6@;:731641@ 476 327165 3;:7 <4 ?;@;A@;?J4 712B;:6!
/; UA1@4  !Q L;O @4?@574:64 <4 J;=? 34 ?@47729: D9:3;=4:6;< @4V1 ?;@ 1: @54?641@
?9:614<! +91@ <47 3276;:47 ?@9J47 34 <; 71@D;4 31 6@;:731641@ I17G1FP 15 ==> <4 J;=?
34 ?@47729: 476 3;:7 <; X9:4 34 Y@47:4<! /; <2=264 34 J;=? ?@9J4 476 9=?@274 4:6@4 43 ==
46 53 == 712B;:6 <47 341K ;7 <2=2647! /; UA1@4  !Q LEO @4?@574:64 <4 J;=? 34 ?@47729: P <;
D@5G14:4 D9:3;=4:6;<4 :9@=;<275 46 =9M4::5 71@ <; 71@D;4 3F1: 6@;:731641@ 234:62G14 P
Z[
 !"! #$%&'() )*+,-.#)%&'/
1234 3542467 893: 2;7<46649=! /> 8:16649= :13142241 ? 2> 63:@>1 A3 5:>=6A3513: 165 B3>64<1=5
4=A781=A>=5 A1 2> C>:4>549= A1 2> C451661 A3 <>57:4>3 A;753A1! .2 1D4651 3=1 C>:4>549= A1
3% 63: 2> 8:16649= ? 2> @:7B31=1 @9=A><1=5>21 :13142241 ? 2> 63:@>1 A3 5:>=6A3513: 1=5:1
216 <42413D 1D5:E<16!
F=1 A465>=1 A1 8:98>G>549= A1 40 << 61<H21 E5:1 3= H9= 9<8:9<46 51=>=5 1= 9<851
A16 1I156 =9= 24=7>4:16 3<32>54@6 15 A3 J><8 A1 8:16649= <9K1==7 ? 2> 63:@>1 A3 5:>=6L
A3513:! '4=64M 2;78>46613: A1 2> 122321 A1 <163:1 165 J94641 ? 20 <<! N1551 A465>=1 A1
8:98>G>549= >663:1 3= J><8 A1 8:16649= ? 2> @:7B31=1 @9=A><1=5>26 <>D4<>2 893: 3=
C923<1 A1 <>57:4>3 ? >:>57:461: A1 61321<1=5 20 <2!
 !"!"! #$%&'($)''&%&'* +& ,- .-/)$( +& ,- &,,1,&
' 2;4=51:@>1 A3 <>57:4>3 A;753A1 15 A3 :7O1513:M 2> :7O1D49= =;165 8>6 595>21! F=1
8>:541 A3 5:>4= A;9=A1 61 8:98>G1 A>=6 21 H29 A;>23<4=43<! .2 165 =7166>4:1 A1 A793821:M
A;3= 894=5 A1 C31 51<89:12M 21 64G=>2 6;75>=5 8:98>G7 3=4B31<1=5 A>=6 21 O34A1 ? 753A41:
15 1234 8:98>G7 A>=6 2;>23<4=43<!
 !"#$%  ! P Q31 1= 81:68154C1 A1 2> 122321 A1 <163:1 8>: 2> <75J9A1 >359L>24H:71 >C1
616 A4<1=649=6 G79<75:4B316 1= <4224<R5:16!
/> C451661 A16 9=A16 325:>69=9:16 75>=5 8236 :>84A1 A>=6 2;>23<4=43< B31 A>=6 21 <>L
ST
 !"! #$%&'() )*+,-.#)%&'/
012345 67105689 :4 63;04<8 68 >2?>4@403?< 64<; :74:5A3<35A 68; ?<68; 5:024;?<?28; 6?30
B028 >:5; @24<68! /8 C:? 674:5A3<35A 4 68; 63A8<;3?<; 4;;8D @24<68; >?52 4;;5282 5<8
>2?>4@403?< 68; ?<68; 5:024;?<?28; 61>?52E58 671F?; >424;308; 64<; :4 G8<B028 08A>?28::8
674<4:H;8!
/4 I@528  ! 8;0 5<8 28>21;8<0403?< 8< >82;>803E8 68 :4 8::5:8 68 A8;528 ?<;025308 >42
J'$ >?52 4;;5282 ;4 G4C23403?<! /8; 63A8<;3?<; 65 C:? 674:5A3<35A ;?<0 K 196×196×71
AA! /4 >2?>4@403?< 68; ?<68; 5:024;?<?28; ;8 G430 ;52 40 AA 4::82L280?52! /4 63;04<8
8<028 :73<082G48 68 21M8N3?< OA4012345 6710568P21M80852 4:5A3<35AQ 80 :78N021A301 65
C:? 674:5A3<35A OC:? 674:5A3<35AP432Q 8;0 68 166 AA! R4<; :8 C:? 674:5A3<35A9 :8;
?<68; 5:024;?<?28; A8008<0 54 µ; >?52 ;8 >2?>4@82 8<028 8008 63;04<8! J8; 63A8<;3?<; 65
C:? 674:5A3<35A >82A8008<0 :78N>:?30403?< 675< 0243< 67?<68; 675<8 :?<@5852 68 40 H:8;
S 5<8 G21T58<8 68 2, 05 #UD!
 !"!# $%&%'()*+& ,-. .*/&(01 02)'(.+&+'-.
R4<; :8 4628 68 :710568 68 >F1<?AV<8; <?< :3<143289 :73<;025A8<0403?< 503:3;18 8;0
F?3;38 8< G?<03?< 68 >:5;3852; 230V28; K
W :4 ;?528 68 @1<12403?< 1:8023T58 6?30 B028 464>01 S :73A>164<8 678<0218 65 024<;L
650852 5:024;?<?289
W :4 ;?528 6?30 4;;5282 5<8 G43C:8 @1<12403?< 67F42A?<3T58 >424;308 80 85N ABA8 S
68; 4A>:30568; 1:8E18;9
W :4 @1<12403?< 1:8023T58 6?30 ;78X80582 64<; :8 21@3A8 T5462403T589
W :8 024<;650852 6?30 B028 :42@8 C4<68 80 ;8<;3C:8 45 F4A> 68 >28;;3?< S :4 G21T58<8
F42A?<3T58 2 28Y5!
 !"!#!" $%&%'()*+& %,-)'*/0- 1('2+&*/0-
R4<; 8 >424@24>F89 5<8 ?A>4243;?< 8;0 8X80518 8<028 685N @1<1240852; 1:8023T58; K
:8 Z%'+9 @1<1240852 4A>:3I40852 ?<Y5 >?52 :710568 68; >F1<?AV<8; <?< :3<14328 4?5;L
03T58; O-.&)J9 [\\\ Z%'+Q9 80 5< @1<1240852 68 G?<03?<; 42C3024328; O'@3:8<0   ][\'Q
?5>:1 S 5< 4A>:3I40852 68 >53;;4<8 68 +50 6^ O)%.  ][/' +?_82 'A>:3I82Q!
`< 464>040852 50 Ω ?5>:1 4E8 5< 4001<540852 −8 6^ 8;0 >:41 8<028 :8 024<;650852
ab
 !"! #$%&'() )*+,-.#)%&'/
01 20 3454671086 42016:;80! .2 <06=01 >?7>7<106 2?:=<4>750 42016:;80 >0 2?0@:171:A5 7B0
028: >8 1675C>81086!
+A86 A=<7606 20C >08@ CDC1E=0CF 20C =0C860C >0C C:3578@ 42016:;80C >?051640 CA51
0G01840C >75C 20C A5>:1:A5C :>051:;80C 7B0 85 1675C>81086 H7634 <76 >0 2?078 I 20oJ! /7
105C:A5 42016:;80 >42:B640 78@ KA650C >8 1675C>81086 <76 2?:5106=4>:7:60 >0 27 H7630 50 Ω
7CC86751 2?7>7<171:A5 >?:=<4>750 42016:;80 0C1 >0 Vin = 80 L <A86 85 A86751 >0 Iin = 1
'! /0 178@ >0 64<41:1:A5 >8 167:5 >?A5>0C 0C1 >?850 0517:50 >0 M061N! /0C 7=<2:18>0C >0C
C:3578@ >?0@:171:A5C CA51 C8OC7==051 420B40C <A86 7CC8606 >0 27 3454671:A5 H76=A5:;80
=7:C 60C1051 0<05>751 >75C 20 643:=0 ;87>671:;80 4B:1751 20C H76=A5:;80C <767C:10C :CC8C
>0 27 CA860 42016:;80!
1 1.5 2 2.5 3 3.5 4 4.5 5
−120
−100
−80
−60
−40
−20
0
Fréquence (MHz)
A
m
p
lit
u
d
e
 d
u
 c
o
u
ra
n
t 
(d
B
)
 !"#$%  !" # $%&'()*+,- +* -&,)/, +* 0*/12) +3,4()1)(02 ,2 +5 6%(--,2) &1/ ', 76268
/1),*/ +, 902)(02- 1/:()/1(/,- 0*&'6 1;, '31%&'(<1),*/ +, &*(--12, =/0*7,> ,) ', ?@$A
=:',*>!
B1 <7*/,  !" %02)/, ',- -&,)/,- +,- 0*/12)- 6',)/(C*,- 6%(- &1/ ', ?@$A ,2 :',*
,) &1/ ', 7626/1),*/ +, 902)(02- 1/:()/1(/,- 0*&'6 1;, '31%&'(<1),*/ +, &*(--12, ,2
/0*7,! B3D1/%02(C*, E '30/+/, +,*4 +, '3,4()1)(02 6',)/(C*, ,-) 0:-,/;6, +12- ',- +,*4
1-! B,- D1/%02(C*,- +30/+/, -*&6/(,*/- -02) (( (720/6-! F2 ,G,)H ',- %,-*/,- 10*-)(C*,- -,
'(%(),2) E '3D1/%02(C*, E '30/+/, +,*4! B31%&'()*+, +* -&,)/, +, '1 9/6C*,2, E '1 9/6C*,2,
II
 !"! #$%&'() )*+,-.#)%&'/
012345627486 697 :1;< 869 36;= 9>97?569 3@6=B747B12 C 0 3D 499;<427 E;6 8@6=B747B12
F867<BE;6 012345627486 697 B3627BE;6 3429 869 36;= 49! /@45:8B7;36 36 8@G4<512BE;6 C
8@1<3<6 36;= 697 <69:67BH65627 36 −36 3D 67 −52 3D :1;< 86 IF2F<476;< 36 0127B129
4<JB7<4B<69 1;:8F 4H6 8@45:8BK476;< 36 :;B99427 L<1;I6M 67 86 N%'+ LJ86;M! +1;< ;26
6=B747B12 F867<BE;6 B3627BE;6O 86 N%'+ IF2?<6 51B29 3@G4<512BE;6 3; 96123 1<3<6O 16
3D 62 36991;9 36 8@45:8BK476;< 36 :;B99426! 'K2 36 48;86< 86 I4B2O 86 74;= 36 3B971<7B12
697 6=7<4B7 :1;< 869 36;= 6=B747B129! /6 74;= 36 3B971<9B12 3; IF2F<476;< 36 0127B129
4<JB7<4B<69 1;:8F C 8@45:8BK476;< 36 :;B99426 36 50 3DO FH48;F 96;865627 :4< <4::1<7
C 8@G4<512BE;6 3; 96123 1<3<6O 697 36 0, 0268 127<4B<65627 C 68;B 3; N%'+ E;B 697
96;865627 36 0, 0057!
/6 N%'+ 499;<6 312 ;26 6=B747B12 F867<BE;6 G4<512BE;6 :1;< 36 01<769 45:8B7;369
369 1;<4279 67 369 7629B129 67 3F8BH<6 ;2 7<4B2 3@1236 C ;26 0<FE;626 f 3429 86 547F<B4;
3@F7;36! N12 74;= 36 3B971<9B12 L36 8@1<3<6 36 0, 6%M :6<567 369 569;<69 36 8@G4<512BE;6
36;= :<1H62427 3; 5B8B6; C 129B3F<6< 04BJ865427 6274GF 3@G4<512BE;6 :4<49B76 H62427
36 8@6=B747B12 F867<BE;6!
 !"!#!# $%&'()*,-*% -, (-( .%/0*-'-( )1*,232(&,24'(
%17<6 3B9:19B7B0 6=:F<B562748 <6:196 9;< 84 5F7G136 62 F5B99B12P<F6:7B12 67 9;< 84
:<1F3;<6 36 48BJ<47B12 4;= 0<FE;6269 9B5:86 67 31;J86! /6 7<4293;76;< 697 8@F8F5627
86 :8;9 <B7BE;6 4< B8 499;<6 C 84 01B9 8@F5B99B12 67 84 <F6:7B12! .8 31B7 :1;H1B< C 84 01B9
6=B76< 86 547F<B4; C 84 0<FE;626 012345627486 67 Q7<6 9629BJ86 C 84 <F:1296 G4<512BE;6
3; 547F<B4; 3@F7;36! /4 0<FE;626 012345627486 31B7 Q7<6 G1B9B6 62 0127B12 36 6776
31;J86 6=BI626! /6 7<4293;76;< G1B9B 31B7 4996R 84<I6 J4236 4H6 ;26 J1226 9629BJB8B7F S
;2 &6G2B912B 4>427 ;26 0<FE;626 627<486 36 3, 5 #TR 4H6 ;2 3B45?7<6 47B0 36 0, 375U
L.N/PV V PWT-M!
/@F7;36 369 6X679 212 8B2F4B<69 2F699B76 3@4H1B< 84 56B886;<6 3>245BE;6 :199BJ86 36 84
0<FE;626 31;J86 <6Y;6! +1;< 6 04B<6O ;26 4248>96 0<FE;627B6886 3; 9BI248 <6Y; 697 6X67;F6!
Z26 B5:;89B12 697 :<1:4IF6 3429 8@64;! ':<?9 84 <F[6=B12 36 8@B5:;89B12 ;87<49121<69 9;<
8@B276<046 48;5B2B;5O 6886 697 <6Y;6 C 84 9;<046 3; 7<4293;76;<! /4 <F:1296 0<FE;627B6886
3; 7<4293;76;< 697 3F3;B76 3; 9BI248 <6Y;!
\]
 !"! #$%&'() )*+,-.#)%&'/
0 1 2 3 4 5 6
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Fréquence en MHz
A
m
p
lit
u
d
e
 n
o
rm
a
lis
é
e
Fréquence simple
Fréquence double
Réponse du transducteur
 !"#$%  !0 1 -2345676 892:;75<=7>>76 549?@>=6276 A; <9@56A;<7;9 C&7D5=645=E .F/GH H G
IJ-K AL;57 =?3;>6=45 3943@M27 A@56 40 ?? AL23@=667;9 AL7@;!
/@ NM;97  !0 ?45<97 >76 92345676 892:;75<=7>>76 549?@>=6276 A; <9@56A;<7;9 O ;57 =?G
3;>6=45 3943@M27 A@56 40 ?? AL23@=667;9 AL7@;! /@ 4;9P7 75 <9@=< 3>7=5 392675<7 >@ 9234567
892:;75<=7>>7 A; <9@56A;<7;9E 7>>7 75 <=97< >@ 9234567 892:;75<=7>>7 A; <9@56A;<7;9 9@?7G
527 O >@ 892:;757 D@9?45=:;7! /@ 4;9P7 75 34=5<=>>2 97392675<7 >7 9@3349< A7 >@ 9234567
892:;75<=7>>7 @Q7 7>>7 9@?7527 O >LD@9?45=:;7! /7 9@3349< A7 >@ 9234567 892:;75<=7>>7 A;
<9@56A;<7;9 @Q7 7>>7 9@?7527 O >LD@9?45=:;7 379?7< A7 <9@A;=97 >7 A4;P>7 4?394?=6
@66;9@5< ;57 P4557 AR5@?=:;7 O >@ 84=6 34;9 >76 6=M5@;S @;S 892:;7576 2?=67 7< 97T;7 3@9
>7 <9@56A;<7;9! /7 <9@56A;<7;9 A4=< 34;Q4=9 977Q4=9 >L=5<2M9@>=<2 A76 39766=456 O >LD@9?4G
5=:;7 M2529276 >496 A7 >@ 3943@M@<=45 <4;< 75 @66;9@5< >L2?=66=45 AL;57 39766=45 43<=?@>7
O >@ 892:;757 845A@?75<@>7! /7 394A;=< 8@=< @33@9@U<97 ;5 ?@S=?;? AL@?3>=<;A7! V@56
7 @6E 7 ?@S=?;? 49976345A O >@ 892:;757 845A@?75<@>7 AL2?=66=45 A; 4?394?=6
CfI = 2, 05 #JWK!
XY
 !"! #$%&'() )*+,-.#)%&'/
 !"! #%&'(')'*+ ,-( ('.+/&0 &1)2/(*+*2-(
 !"! !" #$%&'( &' )'(*+'(
/0 0234506378 9: 6508;9:6<:5 8=<;;36< 20 ><;:5< 9<; 7:5086; <6 9<; 6<8;378; 9?<865=<;
<6 9< ;7563<; 0:@ 4758<; 9: 6508;9:6<:5 876= 5<;A<63B<><86 VinC Iin <6 VoutC Iout! +7:5
0;;:5<5 2?0D:3;36378 9< <; ;3E80:@C 9<:@ ;789<; ;786 :6323;=<; F :8< ;789< 9< 6<8;378 GH789<
>79:2035< )2<657I+J+ HI"KL"I.)MN <6 :8< ;789< 9< 7:5086 G&<O65783@ +PKLLN!
/0 ;789< 9< 6<8;378 0 :8< 5=;3;608< 9?<865=< Q0:6< 3>A=908< G1 #ΩN D:089 ;78
066=8:06378 <;6 <8 A7;36378 × 10! )22< A7;;R9< :8< 4089< A0;;086< 9< 150 #ST! /0 6<8;378
>0@3>:> 9?<865=< 0B< 788<@378 U 20 6<55< <;6 9< 600 VA!
/0 ;789< 9< 7:5086 0 :8< 5=;3;608< 9?<865=< 9< 1 #Ω! W8< 6<5>3803;78 U 20 ;7563< 9<
20 ;789< A<5><6 9< Q73;35 20 ;<8;343236= 1 >'X>V 7: 10 >'X>V! .3C 20 ;<8;343236= <;6 9<
1 >' = 1 >V! /0 4089< A0;;086< 9< 20 ;789< 9< 7:5086 <;6 7>A53;< <865< 935 ST <6 120
#ST! /< 7:5086 >0@3>:> 9?<865=< 9< 20 ;789< <;6 9< 6 '!
 !"! !, #-(./)' &013*4(4.4$%
/< ;Y;6R>< 9?0D:3;36378 <;6 Q73;3 <8 Z786378 9< 20 A57Z789<:5 9?0802Y;< <6 9< 20 Z5=I
D:<8< 9?=Q0863227880E< 9: ;3E802! /< 8:>=53;<:5 %0637802 .8;65:><86 0;;:5< 9?0D:3;36378
9< ;3E80:@ 0B< :8< A57Z789<:5 9?0802Y;< 9< 14 436; <6 :8< Z5=D:<8< 9?=Q0863227880E< 9<
100 #ST! /<; 7;3227;7A<; 93;A78342<; 786 :8< A57Z789<:5 9?0802Y;< 9< 8 436; <6 :8< Z5=I
D:<8< 9?=Q0863227880E< 022086 [:;D:?U 2 (ST! /< Q73@ ;< A756< 67:6 A0563:23R5<><86
;:5 2< 8:>=53;<:5 05 32 0;;:5< :8< ><322<:5< 9Y80>3D:< 9:< U ;0 D:0863\06378 ;:5 14
436;! /0 Z5=D:<8< 9?=Q0863227880E< 9< 100 #ST <;6 33 ;:];086<! )8 <^<6C 20 Z5=D:<8<
>0@3>02< ><;:5=< <;6 9< 4, 1 #ST! /< 50AA756 <865< 20 Z5=D:<8< 9?=Q0863227880E< <6 20
Z5=D:<8< >0@3>02< <;6 9< 2?7595< 9< 25! '38;3C 2?=Q0863227880E< <;6 ;:];086 A7:5 :8 ;3E802
U 2?Q05>783D:< U 2?7595< 9<:@ =B36086 2<; <^<6; 9?0230;38E GA050E50AQ<  !LN! /0 5=;72:6378
6<>A75<22< 9788= A05 2< 78;65:6<:5 <;6 9< 10 n;! .2 0;;:5< D:< 2<; A050>R65<; 238=035<;
G=2=536= <6 066=8:06378N ;73<86 935<6<><86 ><;:5=; U A05635 9<; ;3E80:@ =2<653D:<; 0D:3;!
/< 8:>=53;<:5 A3276= A05 7593806<:5 0;;:5< 2?0D:3;36378 9<; ;3E80:@ =2<653D:<; U 386<5I
B022< 9< 6<>A; 5=E:23<5 <8 0;;:5086 20 ><322<:5< 9Y80>3D:< B<56302< A7;;342< 67:6 <8 A5=I
_K
 !"! #$%&'() )*+,-.#)%&'/
0123456 789;456<77=554>1 ?10 0<>54@A! /10 0<>54@A 4B@<0 0=56 C=D15590 40 E=<0 4C97<=2456
4<50< 71 24FF=26 0<>547 G H2@<6! /1 0<>547 106 C=D1559 5@C92<B@1 F42 71 H<4<0 ?@ F2=>24CC1
/4H3<1I F<7=6456 71 5@C92<01@2! '<50<J 71 0<>547 106 4B@<0 40 E=<0 F@<0 C=D1559! K1 F2=10L
0@0 106 >=@2C45? 15 61CF0 ?@ E4<6 ?1 74 E29B@151 ?89;456<77=554>1! .7 106 29F969 F7@0<1@20
E=<0 F=@2 ?9612C<512 710 F424CM6210 4=@06<B@10 ?@ C4692<4@ ?896@?1 B@< 59100<61 51@E
C10@210 N 710 624<50 ?8=5?10 ?@ =@2456 16 ?1 74 6150<=5 ?8156291 16 ?1 0=26<1 G 74 E29B@151
0<CF71 16 ?=@H71 4<50< B@1 78<CF@70<=5 ?1 0=26<1 ?@ =@2456! '<50<J 78<561234771 ?1 61CF0
01 29FM61 6=@61 710 ?1@A C<5@610 400@2456 @5 61CF0 ?1 21F=0 4@ C4692<4@ ?896@?10 ?8@51
?<O4<51 ?1 01=5?10!
 !"! ! #$%&'()*+($
/81501CH71 ?@ ?<0F=0<6<E P62450?@61@2J 177@71J C4692<4@ ?896@?1Q 106 F749 ?450 @51
;4CH21 6;12C=0640691! /4 61CF9246@21 4@ 01<5 ?@ C4692<4@ ?896@?1 93=7@1 4@ =@20 ?@
61CF0! R51 0=5?1 ?1 61CF9246@21 6DF1 +6100 =@F791 G @51 @5<69 ?1 C10@21 P61CF1246@21
C1612 SLTJ +;DI1Q F12C16 784B@<0<6<=5 ?1 74 61CF9246@21 G 78<5692<1@2 ?@ C4692<4@ ?896@?1
4@ =@20 ?1 781AF92<151!
U"
 !"! #$%&#'(')# *'+ +&,)%-. -/#$%+0)0$'+
 !" #$%&'()(*' +(, ,&-*%./ .0'$%,1*1$(,
/1 2345678 7912:;<4=78 >?<8 2<@8 8? 68=AB8 71?@ 8 4B1A1<; ?38@@<48 78 7348B2<?8B
;912:;<4=78 78 ;1 62:6@1?48 D6?7128?41;8 84 78 ;951B26?<E=8 2 78@ @<F?1=G 1E=<@! H6=B @8
D1<B8I ;8 @:84B8 78@ @<F?1=G 8@4 1;=;3 :1B =? ;6F<<8; 78 4B1<4828?4 8? =4<;<@1?4 ;91;F6B<4528
78 ;1 4B1?@D6B238 78 J6=B<8B B1:<78 KJJ#L! /1 ?14=B8 ?=23B<E=8 7= @<F?1; 84 ;1 73>?<4<6?
2M28 78 ;1 JJ# <?4B67=<@8?4 4B6<@ 8N84@ E=< :8=A8?4 :8B4=BO8B ;93A1;=14<6? 7= @:84B8
7= @<F?1; P ;8 B8:;<828?4 78 @:84B8 K1;<1@<?FLI ;98N84 78 D=<48 K;81Q1F8L 84 ;98N84 :1;<@@178
K:<Q84 D8?8 8N84L!
/91;<1@<?F K8N84 :1B1@<48 7R S ;1 :B3@8?8 78 DB3E=8?8@ 3;8A38@I 73:1@@1?4 ;1 26<4<3 78
;1 DB3E=8?8 79351?4<;;6??1F8L ?8 :8B4=BO8 :1@ ;8@ @:84B8@ 78@ @<F?1=G E=8 ?6=@ 1A6?@ S
4B1<48BI :6=B 1= 26<?@ 78=G B1<@6?@ P ;1 D6?4<6? 78 4B1?@D8B4 7= 4B1?@7=48=B 1@@=B8 =?
>;4B1F8 78@ DB3E=8?8@ @=:3B<8=B8@ S ;951B26?<E=8 "I 84 ;1 DB3E=8?8 79351?4<;;6??1F8 78 ;1
1B48 78 ?=23B<@14<6? =4<;<@38 K100 (TUL 8@4 ;1BF828?4 @=:3B<8=B8 S 46=48@ ;8@ DB3E=8?8@
=4<;8@ 79=? B1::6B4 78 ;96B7B8 78 25!
/98N84 78 D=<48 8@4 ;1 6?@3E=8?8 78 ;1 ?14=B8 O6B?38 71?@ ;8 482:@ 7= @<F?1; ?=23V
B<E=8! *1?@ ;1 :B14<E=8I O6B?8B ;8 @<F?1; ?=23B<E=8 B8A<8?4 S ;8 2=;4<:;<8B :1B =?8 D8?M4B8
B841?F=;1<B8! *1?@ ;8 7621<?8 @:84B1;I 8448 2=;4<:;<14<6? 6BB8@:6?7 S ;1 6?A6;=4<6?
7= @:84B8 7= @<F?1; :1B ;1 4B1?@D6B238 78 J6=B<8B 78 ;1 :6B48 B841?F=;1<B8 K98@4 S 7<B8
:1B =?8 D6?4<6? @<?=@ 1B7<?1;L! /93?8BF<8 79=?8 B1<8 7= @:84B8 @8 B84B6=A8 1<?@< 7<2<?=38
84 B3:1B4<8 @=B ;8@ DB3E=8?8@ 17W18?48@ K796X ;9<738 78 D=<48I ;81Q1F8 8? 1?F;1<@L! Y84 8N84
:8=4 M4B8 4BZ@ FM?1?4 71?@ ;8@ 2345678@ 7912:;<4=78 >?<8I 1B <; 267<>8 7<B84828?4 ;912V
:;<4=78 78@ B1<8@ @:84B1;8@! H6=B 8? 2<?<2<@8B ;9<2:148I ;8 @<F?1; 1E=<@ 8@4 2=;4<:;<3 :1B
=?8 D6?4<6? 9:6B489 76?4 ;1 4B1?@D6B238 78 J6=B<8B :8B4=BO8 26<?@ ;912:;<4=78 78@ B1<8@ 7=
@:84B8 7= @<F?1;! /8 56<G 78 8448 D8?M4B8 8@4 3A<78228?4 B<4<E=8I 84 <2:148 3F1;828?4
;1 6BB84<6? 7= 4B6<@<Z28 8N84 :1B1@<48!
/98N84 :1;<@@178 K:<Q84 D8?8 8N84L 8@4 ;1 6?@3E=8?8 78 ;9351?4<;;6??1F8 7= @:84B8!
/6B@E=8 ;1 DB3E=8?8 S 28@=B8B 6BB8@:6?7 S =? ?62OB8 8G14 78 :3B<678@ 71?@ ;1 D8?M4B8
791E=<@<4<6?I 8;;8 6BB8@:6?7 3F1;828?4 S ;1 A1;8=B 79=? 351?4<;;6?! *1?@ 8 1@I <; ?9[ 1
:1@ 798N84 :1;<@@178! (1<@ 71?@ ;1 :B14<E=8I <; 8@4 7<\<;8 791A6<B =?8 D8?M4B8 791E=<@<4<6?
]"
 !"! #$%&#'(')# *'+ +&,)%-. -/#$%+0)0$'+
23345627897: 4;9:4<47: = >7 72<?34 47:@43 84 6A3@2845 62>3 B9C>4 D3AC>474 = <45>343!
/9 39@4 827: EF9<6E@:>84 45: 34B43BA4 45: 9E235 = >74 D3AC>474 C>@ 7F45: 695 E4 <>E:@6E4 8>
695 8FAB97:@EE2779G4 47 D3AC>474! *975 4 95H >74 D27:@27 F623:4F ?@47 B2@5@4 <@7@<@54
E45 4I4:5 5>3 E9 <45>34!
JE955@C>4<47:H E9 D47K:34 84 L977 M52>N47: 9664EA4 D47K:34 84 L977@7GO 45: >:@E@5A4 93
4EE4 2I34 >7 ?27 2<632<@5 47:34 E9 8@<@7>:@27 84 EF4I4: 84 D>@:4 4: E9 ?9784 695597:4! '7
4I4:H E4 63@7@69E @727NA7@47: 84 EF>:@E@59:@27 8F>74 D27:@27 F623:4F 45: E9 3A8>:@27 84 E9
8>3A4 4I4:@N4 8> 5@G79EH C>@ 632N2C>4 >7 AE93G@554<47: 8> 564:34! P93 275AC>47:H @E Q 9 >7
2<632<@5 = :32>N43 47:34 63A@5@27 8975 E9 8A:4:@27 84 EF9<6E@:>84 8F>74 39@4 4: 63A@5@27
D3AC>47:@4EE4! *975 72:34 95H E9 D3AC>474 45: R;A4 693 EF4;@:9:@27! J4E9 643<4: 8F26:@<@543
E9 D47K:34 84 N@5>9E@59:@27 62>3 E9 3A8>:@27 845 4I4:5 69395@:45 5>3 EF9<6E@:>84! /4 D47K:39G4
8@: FS9:T:26F 233456278 = 4::4 26:@<@59:@27 4: 45: 693:@>E@U34<47: 4V94 8975 E4 95
8F>7 564:34 84 39@45! /45 4I4:5 84 D>@:4H 4: 84 69E@55984 527: :3U5 E93G4<47: 8@<@7>A5H 9>
8A:3@<47: 84 E9 63A@5@27 D3AC>47:@4EE4! /4 :9?E49>  !W 2<6934 E45 939:A3@5:@C>45 84 E9
623:4 34:97G>E9@34H 84 E9 D47K:34 84 L977 4: 84 E9 D47K:34 S9:T:26!
 !"#$  !W X J2<6939@527 845 8@IA347:45 3@:U345 84 643D23<9745 845 D47K:345 8F979EQ545
62>3 E9 :3975D23<A 84 Y2>33@43 396@84!
Y47K:34 ?9784 695597:4 'I4: 84 69E@55984 M8ZO
$4:97G>E93 1, 0 3, 9
L977@7G 1, 5 1, 4
YE9:T:26 3, 8 0, 1
*975 E9 RG>34  ![ M9OH E45 :32@5 D47K:345 8F979EQ54 ME9 623:4 34:97G>E9@34H 84 E9 D47K:34 84
L977 4: 84 E9 D47K:34 S9:T:26O 527: 2<693A45! 'EE4 63A547:4 E9 YY# 8F>7 5@G79E 5@7>52\89E
B93<27@C>4 9N4 E9 623:4 34:97G>E9@34 M2>3?4 47 ?E4>OH E9 D47K:34 84 L977 M2>3?4 47
32>G4O 4: E9 D47K:34 S9:T:26 M2>3?4 47 72@3O! /4 5@G79E 5@7>52\89E A:>8@A 45: E9 52<<4
8F>74 5@7>52\84 84 D3AC>474 34564:@N4<47: fI = 2, 05 (L] 4: fII = 4, 1 (L] 9N4 >74
9<6E@:>84 34564:@N4 84 1 4: 0, 1! /4 5@G79E 5@<>EA 45: ^
s = 0, 02 + 1 · sin(2πfI t+ ϕ1) + 0, 1 · sin(2π (2fI) t+ ϕ2). M !WO
/9 RG>34  ![ M?O 45: >7 ]22< 8> 564:34 8> 5@G79E 5@<>EA 47:3A 9>:2>3 84 E9 D3AC>474
D2789<47:9E4! *975 E4 95 E4 6E>5 8AD9N239?E4 2_ E4 72<?34 84 6A3@284 8> 5@G79E 7F45: 695
` 
 !"! #$%&#'(')# *'+ +&,)%-. -/#$%+0)0$'+
1234156 718 912:3518 21 ;5<8123123 ;=8 7= >:>1 ;159?5>=21! '2 1A136 71 ;?531 513=2BC7=451
13 7= 912:351 D1 E=22 21 ;15>133123 ;=8 DF?G31245 7F=>;743CD1 DC 84B2=7 =H1 ;5<484?2! /1
35=431>123 D1 84B2=7 4>;?81 C2 ?>;5?>48 12351 7= ;5<484?2 D1 7F=>;743CD1 DC 84B2=7 13
1771 D1 7= G=2D1 ;=88=231! %42846 7= II# =H1 C21 ;?531 513=2BC7=451 = C21 G=2D1 ;=88=231
183 <35?431 >=48 183 81284G71 =C 1A13 D1 ;=7488=D1! '3 42H1581>1236 7= II# =H1 C21 912:351
J=3K3?; 183 ;1C 81284G71 L 7F1A13 D1 ;=7488=D1 >=48 718 5=418 8?23 <7=5B418!
1 1.5 2 2.5 3 3.5 4 4.5 5
x 10
6
−150
−100
−50
0
Fréquence (Hz)
A
m
p
lit
u
d
e
 (
d
B
)
Porte rectangulaire
Hanning
Flat−top
1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5
x 10
6
−30
−25
−20
−15
−10
−5
0
Fréquence (Hz)
A
m
p
lit
u
d
e
 (
d
B
)
M=N MGN
 !"#$%  !O P +;1351 DFC2 84B2=7 =5G435=451 =Q=23 C21 ?>;?8=231 R=5>?24SC1 DF?5D51
D1CT ;=5 7= 35=289?5>< D1 I?C55415 5=;4D1 C34748=23 C21 ;?531 513=2BC7=451 M?C5G1 12
G71CN6 7= 912:351 D1 E=22 M?C5G1 12 5?CB1N 13 7= 912:351 J=3K3?; M?C5G1 12 2?45N!
/F=CB>123=34?2 DC 2?>G51 D1 ;?4238 DC 84B2=7 =SC48 =><74?51 71 24H1=C D1 ;5<484?2
D1 7F=>;743CD1 D1 7= II#! U1331 =CB>123=34?2 8F1A13C1 D45131>123 L 7F=SC48434?2 DC
84B2=7 12 =CB>123=23 7= 95<SC121 DF<R=23477?22=B1 ?C 7= 3=4771 DC 35=42 DF?2D1 =SC48!
,<2<5=71>1236 71 84B2=7 183 D<VL =SC48 13 183 ?>;7<3< ;=5 D18 W<5?8 MW15?K;=DD42BN! /F=V?C3
D1 W<5? ;15>13 DF=><74?515 71 24H1=C D1 ;5<484?2 D1 7F=>;743CD1 D1 7= II#! U1;12D=236
7F=V?C3 D1 W<5?8 D=28 71 84B2=7 DF=SC48434?2 =CB>123 7= 3=4771 D1 >=3541 D1 D?22<18 L 35=4315
1 SC4 183 D=28 2?351 =8 C21 8?7C34?2 B?C5>=2D1 12 31>;8 D1 =7C7!
XY
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
 ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
$3 456786595: 3;7<=5>3?9@A ?<366593 C?3 D@A54@958? 6C= 436 EC5436 8??C6! $36 EC5436 43
=<:<=3?36 68?9 AF3@C 39 A3 ><9G@?8A @= 5A6 68?9 H A@ :856 A@=I3>3?9 <9C45<6 4@?6 A@ A599<=@9C=3
>@56 68?9 @C665 A36 43C; 7=5?57@A36 367J36 8?6959C@?936 4C >5A53C 4F<9C43! $3 ><9G@?8A
73=>39 43 4<9@5AA3= A36 >36C=36 3K39C<36 78C= A@ 4<93=>5?@958? 4C 7@=@>J9=3 ?8? A5?<@5=3
78C= C?3 93>7<=@9C=3 48??<3! L3993 >36C=3 @66C=3 A@ =37=84C95M5A59< 39 A@ =<7<9@M5A59<
43 A@ >36C=3! $36 >36C=36 4@?6 AF3@C 68?9 3K39C<36 3? :8?958? 43 A@ 93>7<=@9C=3 39
73=>3993?9 A@ D@A54@958? 4N?@>5OC3 4C 456786595: 3;7<=5>3?9@A!
$36 7@=@>J9=36 A5?<@5=36 CA9=@68?8=36 P<A<=59< 39 @99<?C@958?Q 8?9 <9< <9C45<6 78C= C?
I=@?4 ?8>M=3 43 >@9<=5@C; OCF5A6 6853?9 EC543 8C 68A543! $@ <A<=59< 4C ><9G@?8A 369 43
1103 >6−1 78C= C?3 @99<?C@958? 43 22 4RS> H C?3 93>7<=@9C=3 43 25oL T+3A:=54I3U VWXY℄!
$36 @C93C=6 +3A:=54I3U $CMM3=6U [5A68?U ,5?\3=98?U 63 68?9 5?9<=366<6 H A@ >36C=3 436 7@=@]
>J9=36 A5?<@5=36 436 8?436 CA9=@68?8=36 4@?6 AF3@C T+3A:=54I3U VWXYU $CMM3=6 39 ^=@@KU VWWXU
[5A68?U VWYWU ,5?\3=98?U VW_W℄! +3A:=54I3 A36 @ 4<93=>5?<6U 7@= 436 >36C=36 43 93>76 43 D8A!
$@ A5>593 436 >36C=36 3K39C<36 7@= +3A:=54I3 369 AFGN789GJ63 4FC?3 <D8AC958? 43 A@ <A<=59<
436 8?436 CA9=@68?8=36 4@?6 AF3@C A5?<@5=3 @D3 A@ 93>7<=@9C=3! $CMM3=6 39 @A! >3993?9 3?
<D543?3 OC3 AF<D8AC958? 43 A@ <A<=59< 4@?6 AF3@C 369 OC@4=@95OC3 3? :8?958? 43 A@ 93>]
7<=@9C=3! ,5?\3=98? 4<=59 AF@99<?C@958? 436 8?436 CA9=@68?8=36 4@?6 AF3@C 3? :8?958? 43
A@ 93>7<=@9C=3 ` 5?D3=63>3?9 7=878=958??3AA3 H A@ 93>7<=@9C=3! L3993 <D8AC958? 369 D@A@MA3
78C= 436 :=<OC3?36 @AA@?9 43 7, 5 H 67, 5 2ab! $36 =<6CA9@96 436 7@=@>J9=36 A5?<@5=36 4@?6
AF3@C 39 4@?6 A3 ><9G@?8A 566C6 43 A@ A599<=@9C=3 68?9 =3I=8C7<6 4@?6 A3 9@MA3@C  !c!
 !"#$  !c d L<A<=59< 39 @99<?C@958? 436 8?436 CA9=@68?8=36 4@?6 AF3@C 39 4@?6 A3 ><9G@?8A
566C36 4@?6 A@ A599<=@9C=3 78C= C?3 93>7<=@9C=3 43 25oL!
EC543 <A<=59< P>S6Q @99<?C@958? P)7S>Q
+3A:=54I3 ><9G@?8A 1103 0, 075 H 2, 5 2ab
+3A:=54I3 3@C 1495 0, 158 H 2, 5 2ab
$CMM3=6 3@C 1496, 8 −
[5A68? 3@C 1497, 25 −
$3 83e53?9 ?8? A5?<@5=3 P<OC@958? V!cVQ =3A53 A@ 7=36658? H A@ 43?659< 78C= C? 7=8366C6
@45@M@95OC3! a5698=5OC3>3?9U A@ 4<93=>5?@958? 4C 7@=@>J9=3 @ <9< 3K39C<3 7@= 436 ><]
XY
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
345678 3479:56;<=:>?@78 AB5CC7<8  ! "#$D EFGHD I7;79D EFJK℄! $7 57N>7<3 <5< O><P=>97
67 <5:Q97@R S@>678 5::7 OT7=@ 5@ O78 =O55O8 = P3P P3@6>P A+=>35D EFF D +=>35  ! "#$D UVVG℄!
$7 57N>7<3 <5< O><P=>97 = P3P 783>:P C=9 7R7:CO7 6=<8 67 OT7=@ 8=3@9P 7< 8P6>:7<3
AW5X7:D EFJFD Y>: 73 Z55<D UVVF℄! $= C9P87<7 67 8P6>:7<3 6=<8 67 OT7=@ ><S@7<7 <73[
37:7<3 O7 57N>7<3 <5< O><P=>97! $78 39=X=@R 6@ C=9=:\397 <5< O><P=>97 67 O= 8=O><>3P 67
OT7=@ C7@X7<3 ]397 >3P8! $78 4=@38 <>X7=@R 67 C9788>5<8 8@9 O7 S@>67 ^ P3@6>79 ><S@7<3 8@9
OT><793>3@67 6@ C=9=:\397 <5< O><P=>97 =OO=<3 _@8?@T^ @<7 7997@9 67 2.2% C5@9 678 C9788>5<
67 50 2,= 6=<8 67 OT7=@ A,O=<3>79  ! "#$D UVVU℄! $7 C=9=:\397 <5< O><P=>97 = P3P P3@6>P C=9
678 :P345678 3479:56;<=:>?@78 6=<8 @< :PO=<`7 7=@[:P34=<5O 7< a5<3>5< 67 37:CP9=[
3@97 A.:79;  ! "#$D EFJF℄! %O :5<397 @< :><>:@: 39\8 >:C593=<3 C5@9 @<7 5<7<39=3>5<
6T7<X>95< 20% 67 :P34=<5O ?@> 783 C7@ 6PC7<6=<3 67 O= 37:CP9=3@97! $78 39=X=@R 67 Z584>[
b@:> AZ584>b@:>  ! "#$D EFcJ℄ :7337<3 7< PX>67<7 OTPX5O@3>5< 6@ C=9=:\397 Id# 67 OT7=@
73 678 =O55O8 7< a5<3>5< 67 O= 37:CP9=3@97! $= C=93>@O=9>3P 67 OT7=@ 783 5<39=>97:7<3 =@R
=O55O8 6T=X5>9 @< C=9=:\397 Id# 6PC7<6=<3 67 O= 37:CP9=3@97! .< 7e73D OT7=@ 87 C9P87<379
85@8 67@R a59:78 O>P7 73 O>Q97! $78 :5OP@O78 6T7=@ O>P7 87 fR7<3 7<397 7OO78 73 a59:7<3 678
4=g<78 :=95:5OP@O=>978! $= C95C593>5< 6T7=@ O>P7 6>:><@7 =X7 O= 37:CP9=3@97! $= 9P59[
`=<>8=3>5< 839@3@97O 678 6>eP97<378 :5OP@O78 6T7=@ 7<39=g<7 @<7 PX5O@3>5< 6@ C=9=:\397
<5< O><P=>97! $T7=@ O>P7 P3=<3 :5><8 C9P87<37 C5@9 O78 a=>QO78 37:CP9=3@978 >:CO>?@7 @<
C=9=:\397 Id# a=>QO7!
 ! !" #$%&'$% ($% )*'*+,-'$% &.-'*%/0/'$% (& +1-2*0/.
$= :78@97 678 C=9=:\3978 @O39=85<5978 6=<8 @< S@>67 37O ?@7 O7 :P34=<5O C79:73
6T=88@979 O= :78@97 8@9 @< S@>67 C9547 65<3 O78 =9=3P9>83>?@78 85<3 C9547 67 7OO78 6@
:=3P9>=@ 6TP3@67! # 39=X798 O= 6P379:><=3>5< 6@ C=9=:\397 <5< O><P=>97 6@ :P34=<5OD O78
:78@978 7e73@P78 85<3 6P3=>OOP78!
*<7 6>b=><7 67 :78@978 5<3 P3P 7e73@P78 6=<8 678 5<6>3>5<8 >67<3>?@78 67 37:CP[
9=3@97 C5@9 =88@979 O7@9 97C956@3>Q>O>3P 73 =><8> 783>:79 O7@98 ><793>3@678! $= POP9>3P 73
OT=33P<@=3>5< 678 5<678 @O39=85<5978 85<3 6P379:><P78 ^ C=93>9 678 8>`<=@R 67 5@9=<38 67
8593>7! $78 9P8@O3=38 85<3 C9P87<3P8 6=<8 O7 3=QO7=@  ! ! B78 :78@978 87 :5<397<3 7< =596
=X7 O78 X=O7@98 67 O= O>33P9=3@97!
cG
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
 !"#$  ! 3 45657895 :9 ;995<=;98>< ?:@ ><?:@ =697;@><>7:@ ?;<@ 6: A59B;<>6 8@@=:@ ?: 6;
689957;9=7: :9 A:@=75:@ C;7 6; A59B>?: ;=9>D;68F75: C>=7 =<: 9:AC57;9=7: ?: 25o4 :9 =<:
G75H=:<: :<97;6: ?: 6I8AC=6@8>< ?: 2, 05 2JK!
5657895 LAM@N ;995<=;98>< L)CMAN
+:6G78?O: 1103 0, 05
 !"#$%& 1101, 8 ± 0, 1 0, 045 ± 0, 002
&;<@ 6; C;7;O7;CB: C755?:<9P 6:@ Q;78;F6:@ <5:@@;87:@ R 6; ?59:7A8<;98>< ?= C;7;AS97:
<>< 68<5;87: ><9 595 A8@:@ :< 5Q8?:<:! %8P 6:@ A:@=7:@ C:7A:99;<9 6I>F9:<98>< :TC578A:<9;6:
?= C;7;AS97: <>< 68<5;87: @><9 ?59;8665:@!
&;<@ <>97: A59B>?: ?: A:@=7: ;=9>D;68F75:P 6; O5<57;98>< ?:@ >=7;<9@ :9 ?:@ 9:<@8><@
:@9 B;7A><8H=:! $I;AC689=?: ?I:T89;98>< 56:978H=: Q;78: ?: 30 R 90 ">69 C;7 C;@ ?: 10
"! ,>=7 B;H=: 9:<@8>< ?I:T89;98><P 6:@ C7:@@8><@ G><?;A:<9;6: 5A8@: :9 B;7A><8H=: O5D
<575: ;= @:8< ?= U=8?: @><9 ?59:7A8<5:@ C;7 6; ;68F7;98>< ?= 97;<@?=9:=7 :< 5A8@@8>< :9
75:C98><! V7W: R 6; ?5>AC>@898>< :< @>AA: ?: O;=@@8:<<:@P 6: C;7;AS97: <>< 68<5;87:
:@9 ?5?=89!
$:@ XO=7:@  !Y L;N :9 LFN 7:C75@:<9:<9 7:@C:98Q:A:<9 6:@ >=7;<9@ :9 6:@ 9:<@8><@ ?I:<975:
;=T F>7<:@ ?= 97;<@?=9:=7! $; 9:<@8>< ?I:T89;98>< ?568Q75: C;7 6: O5<57;9:=7 ;=OA:<9:
C>=7 =< >=7;<9 ;66;<9 ?: 0, 45 R 1, 2 #ACS7:! $:@ >=7;<9@ :9 6:@ 9:<@8><@ 7:=:8668@ ;=T
F>7<:@ ?= 97;<@?=9:=7 @><9 7:@C:98Q:A:<9 7:C75@:<95@ @=7 6:@ XO=7:@  !Y LN :9 L?N! $:@
>=7;<9@ :9 6:@ 9:<@8><@ ?I:<975: ;=T F>7<:@ ?= 97;<@?=9:=7 <: C75@:<9: C;@ ?: ?8@9>798><
B;7A><8H=: ;7 6I:T89;98>< :@9 97S@ G;8F6:A:<9 <>< 68<5;87: LC;7;O7;CB:  !Z![!ZN! $:@ >=D
7;<9@ :9 6:@ 9:<@8><@ ?: @>798: ;=T F>7<:@ ?= 97;<@?=9:=7 C75@:<9:<9 9:AC>7:66:A:<9 =<:
?5G>7A;98>< ?= G7><9 ?I><?:! 4:99: ?5G>7A;98>< 8AC68H=: =<: C75@:<: ?IB;7A><8H=: ?;<@
6: @C:97: ?:@ >=7;<9@ :9 ?:@ 9:<@8><@ ?: @>798:! 4:@ B;7A><8H=:@ ><9 595 O5<575:@ ?;<@ 6:
U=8?:!
$: 97;<@?=9:=7 :@9 >AA: 6; @>=7: ?: 9:<@8>< @=\:9 R 5A:997: ?:@ ><?:@ =697;@><>7:@
;=T G75H=:<:@ B;7A><8H=:@! 4:C:<?;<9P :< @I;CC=];<9 @=7 6:@ 97;Q;=T ?: 6I5H=8C:P 86 ; 595
A><975 H=: 6; O5<57;98>< B;7A><8H=: C;7;@89: C7>Q:<;<9 ?= 97;<@?=9:=7 :@9 <5O68O:;F6:
?:Q;<9 6; O5<57;98>< B;7A><8H=: ?;<@ ?: 6I:;= L8AC5?;<: C7>B: ?:@ A;9578;=T ?I59=?:@N
;C7S@ H=:6H=:@ 6><O=:=7@ ?I><?: ?: C7>C;O;98>< ^";<?:7 2:=6:< :9 J;=A:@@:7P [__`℄!
`Y
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
4.52 4.54 4.56 4.58 4.6 4.62
x 10
−5
−1.5
−1
−0.5
0
0.5
1
1.5
Temps (s)
A
m
p
lit
u
d
e
 (
A
)
(a)
4.54 4.56 4.58 4.6 4.62 4.64 4.66
x 10
−5
−100
−80
−60
−40
−20
0
20
40
60
80
100
Temps (s)
A
m
p
lit
u
d
e
 (
V
)
(b)
4.52 4.54 4.56 4.58 4.6 4.62
x 10
−5
−0.015
−0.01
−0.005
0
0.005
0.01
0.015
Temps (s)
A
m
p
lit
u
d
e
 (
A
)
(c)
4.52 4.54 4.56 4.58 4.6 4.62
x 10
−5
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1
Temps (s)
A
m
p
lit
u
d
e
 (
V
)
(d)
 !"#$%  !" # $%&'()* +,-./0,12 3-%2 ,+ 0,4)2 ()* 5/0',2 6) +0('26)+,)0 6('2 1, -3+8('/1
9 25oC ./)0 )', 0(-., ,' +,'2%/' (11('+ 6, 30 9 90 :/1+2 ; <(= 1, /)0('+ 6>,'+03,? <5= 1(
+,'2%/' 6>,'+03,? <= 1, /)0('+ 6, 2/0+%, ,+ <6= 1( +,'2%/' 6, 2/0+%,!
@( A&)0,  !B -/'+0, 1( .0,22%/' 0,4), 9 1( C03D),', 8(0-/'%D), 9 1>/060, 6,)* <PI,2=
,' C/'+%/' 6, 1( .0,22%/' 3-%2, 9 1( C03D),', C/'6(-,'+(1, 3-%2, () (003 <P 2I,1= ./)0
)', 0(-., 6, 8)%+ ,*%+(+%/'2 31,+0%D),2!
@( A&)0,  !B -/'+0, D), 1( .0,22%/' 9 1( C03D),', 8(0-/'%D), 2 0,4), ,2+ .0/./0+%/'E
',11, () (003 6, 1( .0,22%/' 9 1( C03D),', C/'6(-,'+(1, 3-%2,! F,++, 60/%+, (22)0, D),
1>,*%+(+%/' 31,+0%D), 2>,G,+), 6('2 1, 03&%-, D)(60(+%D), >,2+ 9 6%0, D), 1( &3'30(+%/'
31,+0%D), 0,2+, 6('2 1, 03&%-, 1%'3(%0,! H, 1>,*.0,22%/' 6) .(0(-I+0, '/' 1%'3(%0, <3D)(+%/'
J! K= %22), 6, 1( C/0-)1(+%/' 6, 1( .0,22%/' 9 1( C03D),', 8(0-/'%D), 2 630%+ .(0 1( 63E
/-./2%+%/' ,' 2/--, 6, &()22%,'',2? 1, .(0(-I+0, ,2+ 636)%+ 6, 1>,'2,-51, 6,2 -,2)0,2!
LA' 6>(-31%/0,0 1( .03%2%/' 6, 1( -,2)0,? 1( .,'+, 6, 1( 60/%+, 6, 1( .0,22%/' 9 1( C03E
BB
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
0 2 4 6 8 10 12 14
x 10
9
0
2000
4000
6000
8000
10000
12000
14000
(P
I,1
)
2
 (Pa)
P
I,
2
 (
P
a
)
 !"#$%  !3 4 ,567789: ; <=>?5@9:8AB6 C=95C56 C6BD 56EB6 6: F9:H89: C6 <? I567789: ; <?
F5JAB6:6 F9:C?@6:H?<6 J@876 ?B ?55J C?:7 CB @JH>?:9< ; <? H6@IJ5?HB56 C6 25oK!
AB6:6 >?5@9:8AB6 2 56EB6 6: F9:H89: CB ?55J C6 <? I567789: ; <? F5JAB6:6 F9:C?@6:H?<6
J@876 67H CJH65@8:J6 6H 8:H59CB8H6 C?:7 <=6DI567789: CB I?5?@LH56 :9: <8:J?856! #8:78M <6
I?5?@LH56 B/A 67H 67H8@J C?:7 CB @JH>?:9< ; 9, 73 ± 0, 02!
&'()%  !N 4 K9@I?5?H8F C67 I?5?@LH567 6H 96O86:H7 :9: <8:J?856 6DH5?8H7 C6 <? <8HHJ5?HB56
PK9II6:7  ! "#$M QRSTM U6V65M QRWNM +?8H9  ! "#$M XYYS℄ ?[6 6BD @67B5J7 I?5 <? @JH>9C6
?BH9\?<8]5J6 C?:7 CB @JH>?:9< ; 25oK!
B/A β
K9II6:7 6H ?<! ^ U6V65 9, 6 5, 8
+?8H9 9, 82 ± 0, 3 5, 91± YMQT
 !"#$%& '("$)'+,-.!& 9, 73 ± 0, 02 5, 86 ± 0, 01
$6 H?]<6?B  !N I65@6H C6 9@I?565 :97 5J7B<H?H7 9]H6:B7 I?5 <? @JH>9C6 ?BH9\?<8]5J6
6H 6BD C6 <? <8HHJ5?HB56! )97 5J7B<H?H7 79:H 6: ?CJAB?H89: ?[6 6BD C6 <? <8HHJ5?HB56! )9H56
@JH>9C6 C6 @67B567 6H <6 I59H99<6 6DIJ58@6:H?< 79:H [?<8CJ7 I?5 <6 @67B56 CB I?5?@LH56
:9: <8:J?856 C?:7 CB @JH>?:9<!
3R
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
 ! !" #$%&'$% ($% )*'*+,-'$% &.-'*%/0/'$% ($ .1$*& $0 2/0-4/0 ($ .*
-$+)5'*-&'$
*34 56784 849 :;<;=>6<49 ;@796AB749 496 =4354 8;39 CD4;7 43 E@36A@3 84 C; 64=:5<;F
67<4! G4664 56784 :4<=46 84 H;CA84< 3@6<4 8A9:@9A6AE 4I:5<A=436;C 46 C4 :<@6@@C4 84 =497<49
97< 73 5J;36ACC@3 8@36 C49 :<@:<A5659 ;@796AB749 5H@C7436 8;39 C4 64=:9! $; H;<A;6A@3 84
C; 64=:5<;67<4 :<@87A6 849 J;3K4=4369 84 @=:@<64=436 97< C; HA64994L CD;66537;6A@3 46
C4 :;<;=>6<4 3@3 CA35;A<4 849 @3849 7C6<;9@3@<49 8;39 CD4;7!
&;39 C; CA665<;67<4L C; 5C5<A65 849 @3849 7C6<;9@3@<49 8;39 CD4;7 496 85<A64 @==4 <@A9F
9;36 43 E@36A@3 84 C; 64=:5<;67<4! +4CE<A8K4 <4:@<64 C; 5C5<A65 849 @3849 7C6<;9@3@<49 M
1496, 7 =9−1 46 CD;66537;6A@3 M 0, 158 ):N= :;< =497<4 87 64=:9 84 H@C 8;39 CD4;7 8A96ACC54
M 25oG :@7< 734 E<5B7434 8D4I:C@<;6A@3 84 2, 5 2OP! $; H;<A;6A@3 43 E@36A@3 84 C; 64=F
:5<;67<4 496 5H;C754 M 2, 4 =N9NoG! $7QQ4<9 46 R<;S <4:<433436 849 6<;H;7I ;365<A47<9 84
TAC9@3 UTAC9@3L VWXW℄ 46 84 R<4439:;3  ! "#$ UR<4439:;3 46 '9JA4KKL VWXW℄ 94 E@;CA9;36 97<
CD5H@C76A@3 84 C; 5C5<A65 43 E@36A@3 84 C; 64=:5<;67<4 84 CD4;7 U$7QQ4<9 46 R<;;SL VWWZ℄!
%C9 =@36<436 B74 CD;::<@IA=;6A@3 E;A64 :;< +4CE<A8K4 496 Q@334 947C4=436 97< C; K;==4
84 64=:5<;67<4 @=:<A94 436<4 15 46 35oG! #7 84CML C4 @=:@<64=436 35499A64 73 64<=4
8D@<8<4 847I! #A39AL C; 5C5<A65 849 @3849 7C6<;9@3@<49 8;39 84 CD4;7 8A96ACC54 496 8@3354
:;< [
c = 1404, 3 + 4, 7T − 0, 04T 2, \ !]^
@_ T 496 C; 64=:5<;67<4 43 85K<54 G4C9A79 46 c 496 C; 5C5<A65 43 =9−1!
.I:5<A=436;C4=436L C; 64=:5<;67<4 84 @39AK34 84 C; J;=Q<4 6J4<=@96;654 496 @=F
:<A94 436<4 5oG M 45oG! ,438;36 4664 H;<A;6A@3 :<@K<499AH4L C49 :;<;=>6<49 ;@796AB749
9@36 =497<59 97AH;36 C4 :<@6@@C4 4I:5<A=436;C 856;ACC5 8;39 C4 :;<;K<;:J4 `! !V! $4 @=F
:@<64=436 84 C; 5C5<A65 43 E@36A@3 84 C; 64=:5<;67<4 496 <4:@<65 43 aK7<4  !W!
$; 5C5<A65 849 @3849 7C6<;9@3@<49 8;39 CD4;7 =497<54 <@A6 43 E@36A@3 84 C; 64=:5<;67<4
87 =;65<A;7 43 97AH;36 C4 @=:@<64=436 84 C; 5C5<A65 =@85CA954 :;< CD5B7;6A@3 84 $7QQ4<9
\@7<Q4 43 :@A36 3@A<^! %C 4IA964 ;7 :C79 73 5;<6 84 2=9−1L 9@A6 734 4<<47< <4C;6AH4 =;IA=;C4
84 0, 2%! $; 5C5<A65 849 @3849 7C6<;9@3@<49 8;39 CD4;7 :;< C; =56J@84 ;76@F;CAQ<54 496 43
;85B7;6A@3 ;H4 4CC4 84 C; CA665<;67<4!
Wb
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
0 5 10 15 20 25 30 35 40 45
1420
1440
1460
1480
1500
1520
1540
Température (
o
 C)
C
é
lé
ri
té
 (
m
/s
)
Mesure
Modèle de Lubbers et al.
 !"#$%  !3 4 2567856 95 :; =:=8>?= 956 @A956 7:?8;6@A@856 9;A6 :B5;7 5A C@A?>@A 95 :;
?5DE=8;?785 9;A6 :5 F7>95 G5A E@>A? H:57I 5? :; D@9=:>6;?>@A 97 @DE@8?5D5A? 95 :; =:=8>?=
E;8 $7HH586 J$7HH586 5? K8;;LM N33O℄ G5A E@>A? A@>8I!
$B;??=A7;?>@A 956 @A956 7:?8;6@A@856 ; =?= =?79>=5M 9;A6 :; :>??=8;?785M 5A C@A?>@A 95
:; C8=Q75A5 9B7?>:>6;?>@A J179A>RM N3SOM +5:C8>9T5M N3OS℄! ,57 95 D567856 9B;??=A7;?>@A
6@A? C;>?56 5A C@A?>@A 95 :; ?5DE=8;?785! ,>AR58?@A 8;EE@8?5 9;A6 7A5 E7H:>;?>@A 9;U
?;A? 95 1949 :; D56785 95 :B;??=A7;?>@A 956 @A956 7:?8;6@A@856 9;A6 9>L=85A?6 :>Q7>956
J,>AR58?@AM N3V3℄! $56 D567856 5L5?7=5 E;8 :B;7?578 6@A? =?;H:>56 678 7A5 T;DD5 95 C8=U
Q75A56 95 :B@8985 95 :; 9>W;>A5 95 D=T;X58?W! $B=Y@:7?>@A 95 :B;??=A7;?>@A 56? E8@E@8?>@AU
A5::5 Z :B>AY5865 95 :; ?5DE=8;?785! $B;??=A7;?>@A =Y@:75 95 C;[@A Q7;98;?>Q75 E;8 8;EE@8?
Z :; C8=Q75A5!
&'()%  !S 4 #??=A7;?>@A 956 @A956 7:?8;6@A@856 5A )E\D 9;A6 :B5;7 E@78 ?8@>6 ?5DE=8;U
?7856 D5678=5 5? 5::5 >6675 95 :; :>??=8;?785 J+5:C8>9T5M N3OS℄!
25o] 30o] 60o]
+5:C8>9T5 G)E\DI 0, 1064 0, 0924 0, 0527
 !"#$%& G)E\DI 0, 1103 0, 1004 −
3N
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
+34567893 : 63;<6=> 4?:==>@A:=7<@ 83B <@83B A4=6:B<@<63B 8:@B 4?3:A ;<A6 =6<7B =3C;>6:D
=A63B! $3B E:43A6B B<@= 87B;<@7F43B 8:@B 43 =:F43:A  !G! $3 <C;<6=3C3@= 83 4?:==>@A:=7<@
83B <@83B A4=6:B<@<63B 8:@B 4?3:A 3B= 63;<6=> <CC3 47@>:763 8:@B 4: 47==>6:=A63 ;<A6 83B
56>IA3@3B 83 4?<6863 8A C>9:J36=K!
$: L9A63  !MN 63;6>B3@=3 4?:==>@A:=7<@ 83B <@83B A4=6:B<@<63B 8:@B 4?3:A ;:6 4: C>=J<83
:A=<D:47F6>3 3@ 5<@=7<@ 83 4: =3C;>6:=A63! $?:==>@A:=7<@ 83B <@83B A4=6:B<@<63B C3BA6>3
8:@B 4?3:A :;;:6:O= 7@E36B3C3@= ;6<;<6=7<@@3443 P 4: =3C;>6:=A63 83 <@B79@3!
0 5 10 15 20 25 30 35 40 45
0.08
0.09
0.1
0.11
0.12
0.13
0.14
Température (
o
 C)
A
tt
é
n
u
a
ti
o
n
 (
N
p
/m
)
 !"#$%  !MN Q 23BA63B 83 4?:==>@A:=7<@ 83B <@83B A4=6:B<@<63B 8:@B 4?3:A 3@ 5<@=7<@ 83
4: =3C;>6:=A63!
&:@B @<=63 >=A83R 4?:==>@A:=7<@ 83B <@83B A4=6:B<@<63B @?: ;A S=63 C3BA6>3 ;<A6 83B
=3C;>6:=A63B :44:@= TABIA?P 60oU! U3;3@8:@=R @<B E:43A6B 8?:==>@A:=7<@ 83B <@83B A4=6:D
B<@<63B B<@= <J>63@=3B :E3 3443 83 4: 47==>6:=A63!
$: ;:6:CV=63 @<@ 47@>:763 83 4?3:A >E<4A3 3@ 5<@=7<@ 83 4: =3C;>6:=A63! $3 <C;<6=3D
C3@= 8A ;:6:CV=63 @<@ 47@>:763 @?3B= ;:B ;6<;<6=7<@@34 P 4: =3C;>6:=A63! U3==3 >E<4A=7<@
: >=> 63;<6=> ;:6 43B =6:E:AW 83 X<BJ7KAC7 YX<BJ7KAC7  ! "#$R MZ[\℄! $: L9A63  !MM C3= 3@
>E783@3 43B C3BA63B 8A ;:6:CV=63 @<@ 47@>:763 3^3=A>3B ;:6 4: C>=J<83 :A=<D:47F6>3
_<A6F3 3@ ;<7@= F43A` 3= 3443B 7BBA3B 83 4: C>=J<83 =J36C<8a@:C7IA3 ;6<;<B> ;:6 X<BJ7D
Zb
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
3456 794:;< <= >:?6> @96=>6AAB =96:C!
0 5 10 15 20 25 30 35 40 45
4
4.2
4.4
4.6
4.8
5
5.2
5.4
5.6
5.8
Température (
o
 C)
B
/A
Mesures ultrasonores
Mesures de Yoshizumi
 !"#$%  !DD E 2<F4:<F 4A>:?F9=9:<F G4 @?:?5H>:< =9= A6=B?6:< G?=F AI<?4 <= J9=>69= G<
A? ><5@B:?>4:< @?: A? 5B>K9G< ?4>9L?A6;:B< 7<= @96=> ;A<4C <> @?: A? 5B>K9G< >K<:59GML
=?56N4< @:9@9FB @?: O9FK63456 7<= >:?6> @96=>6AAB =96:C!
$< @?:?5H>:< =9= A6=B?6:< 5<F4:B @?: =9>:< 5B>K9G< ?4>9L?A6;:B< :96> <= J9=>69= G<
A? ><5@B:?>4:<! $< 95@9:><5<=> G4 @?:?5H>:< =9= A6=B?6:< <F> 6G<=>6N4< P <A46 6FF4< G<
A? A6>>B:?>4:<! +9= BQ9A4>69= <= J9=>69= G< A? ><5@B:?>4:< @:BF<=>< 4=< ;9==< ?GBN4?>69=
?Q< AIBQ9A4>69= G4 @?:?5H>:< =9= A6=B?6:< G< A? A6>>B:?>4:<! $? Q?A<4: 5<F4:B< @?: =9>:<
5B>K9G< <F> F<=F6;A<5<=> @A4F BA<QB N4< A? Q?A<4: >KB9:6N4<! $I<::<4: :<A?>6J 5?R6545 <F>
G< 6%! S< ;6?6F F4: A? Q?A<4: G4 @?:?5H>:< =9= A6=B?6:< @<4> FI<R@A6N4<: @?: A? G6TB:<=<
G< N4?A6>B G< AI<?4!
$<F 5<F4:<F G<F @?:?5H>:<F 4A>:?F9=9:<F @?: G< A? 5B>K9G< ?4>9L?A6;:B< 59=>:<=>
4=< ;9==< ?GBN4?>69= ?Q< <4R G< A? A6>>B:?>4:<! S<F 5<F4:<F @<:5<>><=> G< Q?A6G<: A<
G6F@9F6>6J <R@B:65<=>?A ?6=F6 N4< A< @:9>99A< G< 5<F4:<!
U 
 ! ! "#$%&#'%() &* &%+,(+%'%- ./,01%2.)'#$
 !"$%&'!"
&345 7 839:;<7= >7 ?:59@5:;:A 7B9C<:D74;3> 3 C;C 9<C574;C! $E:45;<FD74;3;:@4 D:57 74
@7FG<7 <79@57 5F< ?75 8@:B ;784@>@H:IF75 G3>:?C5 93< ?75 D75F<75 ?345 >E73F 7; >7 DCJ
;834@>! $75 C>CD74;5 A@4?3D74;3FB 4C7553:<7 K >E:45;<FD74;3;:@4 F>;<35@4@<7 5@4; L >7
;<345?F;7F< CD7;;7F<J<C79;7F<= >3 7>>F>7 ?7 D75F<7= >3 5@F<7 7; >E3IF:5:;:@4 @F9>C 3F
;<3:;7D74; ?75 5:H43FB! ,3< 7B7D9>7= :> 75; :D9@<;34; IF7 >3 5@F<7 ?7 ;745:@4 5@:; A3:J
M>7D74; 4@4 >:4C3:<7 355F<34; IF7 3:45: F47 ;<N5 A3:M>7 9<C5747 83<D@4:IF7 9<@G7434; ?7
>3 HC4C<3;:@4 C>7;<:IF7! O7;;7 9<C5747 83<D@4:IF7 C>7;<:IF7 5E3GN<7 P;<7 A3:M>7 93< <39J
9@<; K >3 HC4C<3;:@4 4@4 >:4C3:<7 FDF>3;:G7 ?F D3;C<:3F ?EC;F?7! $7 8@:B ?7 >3 A<CIF747
?F ;<345?F;7F< 75; :D9@<;34;7 3< :> ?@:; 9@FG@:< 355F<7< >ECD:55:@4 7; >3 <C79;:@4 ?75
5:H43FB F>;<35@4@<75 K >3 A<CIF747 5:D9>7 7; ?@FM>7! #9<N5 3G@:< ?:5F;7< ?7 83F4 ?75
C>CD74;5 ?7 >E:45;<FD74;3;:@4= F47 G3>:?3;:@4 E5;3;:IF7E 7; E?Q43D:IF7E ?F ?:59@5:;:A 3 C;C
7R7;FC7! $7 ?:59@5:;:A 75; ?@4 <@MF5;7 9@F< 355F<7< >EC;F?7 ?F 93<3DN;<7 4@4 >:4C3:<7
B/A 3F @F<5 ?F ;7D95 9@F< ?75 D3;C<:3FB 74 CG@>F;:@4!
ST
 !"#$%&' (
 !!"#%&#'( %)* +#"#,)* ,(
-.'")&#'( / ",0 +%&-1#%)* 20'"34,"5
 !"##$%"'%() *(%+% #(,- ./''-/ /) (/,0-/ $!%)+'-,./)'"'%() ,$'-"+()(-/ /+' $/ +,%0%
1/+ #-(#-%2'2+ "(,+'%3,/+ 1!,) ."'2-%", /) 20($,'%() ", (,-+ 1, '/.#+4 5/ ."'2-%",
+($67/$ 8"%9$/./)' "''2),")' /+' : 9"+/ 1/ +%$%/4  / #-(212 +($67/$ /+' '(,' 1!"9(-1 12-%'
"%)+% 3,/ $/+ "-"'2-%+'%3,/+ 1, ."'2-%",4 ;) 2'"' 1/ $!"-' +,- $" ./+,-/ 1/+ #"-".<'-/+
0%+(62$"+'%3,/ 1, ."'2-%", +($67/$ /+' /=/',2 "0")' 1!/>#(+/- $/+ -2+,$'"'+ 1/+ ./+,-/+
1/+ #"-".<'-/+ "(,+'%3,/+ $%)2"%-/+ /' )() $%)2"%-/4
?@
 !"! #$%$#&'%()&(*+,) -+ .$&'%($+ )/012,0
 !" #$%$'(%)*')+,-* ., /$'(%)$, *0123-1
 !"# % &!'!('!&)%* +%# !'!,-'.#,./0%# .",'."#1/0%# 20 3!,-'.!0 24-,02% #5", &'-#%"6
,-%#7 8% 3!,-'.!0 #5+6(%+ )5.#. %#, +% 9-,'!:-,);<=>.+!"%* "5,- 9:;>7 ?% 3!,-'.!0 @ A!#%
2% #.+.% %#, A.%" 5""0 2!"# +! +.,,-'!,0'%7 B50' #4."+0'% 2!"# "5,'% 2-3!')% 2% ?5",'+%
D5"  %#,'0,.E* +%# 5"2.,.5"# #,!"2!'2# 24-+!A5'!,.5" 5", -,- .2%",.F-%# !F" #4!##0'%' +!
E5'3!,.5" F!A+% %, '%&'520,.G% 20 3!,-'.!0<7 ?%',!."# &!'!31,'%# ."H0%", #0' +! E5'3!6
,.5" 20 3!,-'.!0 #5+6(%+ 533% +! ,%3&-'!,0'%* +% &I* +4-G!&5'!,.5" 20 #5+G!", %, 20 ,!0<
2% 5"%",'!,.5" 2%# %#&1%# ).3./0%#7 J."#.* 0" '!&&%+ ).#,5'./0% 20 &'5-2- #5+6(%+ %#,
3%"- !G!", +! 2%#'.&,.5" &)=#.56).3./0% 2% % 2%'".%'7 K"% -,02% 2% +! ,%3&-'!,0'% @
+4.",-'.%0' 20 3!,-'.!0 #5+6(%+ %#, 2-'.,% %" E5",.5" 2% +4-G5+0,.5" ,%3&5'%++% 2% %+0.6.7
L"F"* +%# ('!"2%0'# 2% ."-,./0% ).3./0% #5", .",'520.,%#* % /0. &%'3%,,'! &!' +! #0.,%
24%<,'!.'% %# ('!"2%0'# 2% "5# 3%#0'%# !50#,./0%#7
 !"!" #$%&'($)*+ ,* -('/,+ %'012+0
8! E!A'.!,.5" 2% '-.&.%",# %" G%''% &!' +% &'512% #5+6(%+ E0, 3.# %" 5%0G'% &!' +%# ,'!6
G!0< #=#,-3!,./0%# 2%# !""-%# MNOP &!' >)5,, Q3A)7 840,.+.#!,.5" 2%# '-!,.5"# A!#-%# #0'
+4)=2'5+=#% %, +! 5"2%"#!,.5" 2% &'-0'#%0'# ."5'(!"./0%# %" #5+0,.5" @ 2%# ,%3&-'!,0'%#
352-'-%# &%'3%, 245A,%".' 2%# '-#%!0< 3!'535+-0+!.'%#7 J."#.* +45A,%",.5" 2% 3!,-'.!0<
G.,'%0< &%0, #% E!.'% #!"# +4-,!&% 2% +! E0#.5"* -,!&% 5R,%0#% %" -"%'(.%7 84%<%3&+% A.%"
5""0 %#, +! #=",)1#% 20 G%''%7 85'# 2% &'5-2- +!##./0% 2% E!A'.!,.5"* &50' !##0'%' 0"
3-+!"(% )535(1"%* +! ,%3&-'!,0'% 25., #4-+%G-% @ 1400o? 5",'!.'%3%", !0 &'5-2- #5+6(%+
5S 0"% ,%3&-'!,0'% 2% 800o? #0T,7 84.",-'U, 240"% &5+=3-'.#!,.5" @ A!##% ,%3&-'!,0'%
&%'3%, 24-+!'(.' +! (!33% 24!&&+.!,.5"# 2%# 3!,-'.!0< @ A!#% 2% G%''%7 840,.+.#!,.5" 2%#
3!,-'.!0< #5+6(%+ "% #% !",5""% &!# !0 253!."% 5&,./0% VW+%."* MNNX℄* .+# #5", !0##. 0,.+.#-
2!"# +4%"!&#0+!,.5" 24!",.5'&# %, 2% &'5,-."%# V90'".!"#Z=  ! "#$* MNN[℄7 8%# 3!,-'.!0<
#5+6(%+ &%'3%,,%", !0##. 2% '-!+.#%' 2%# F+3# 3."%# VQG.#).* \PPN℄7 84!0,'% !G!",!(% 2% %
&'5-2- '-#0+,% /0% +4-+!A5'!,.5" #% E!., %" &'-#%"% 2% #5+G!",# ."5'(!"./0%#7 ?%,,% &!',.6
0+!'.,- &%'3%, 2% '-!+.#%' "5" #%0+%3%", 2%# 3!,-'.!0< ."5'(!"./0%#* 3!.# !0##. 2%# G%''%#
)=A'.2%# 5'(!"563."-'!0< V>!")%]  ! "#$* \PPO℄7
N[
 !"! #$%$#&'%()&(*+,) -+ .$&'%($+ )/012,0
 !"!# $%&()*+),- ./ *(,0.0 &,123%1
03 456898 :6;1<3; =5=>85?:3 ;3: @=>85?=AB 8>=C> D ;= E56C>?F53 3C>53 ;3: :6;A>?6C: 3> ;3:
:6;?93:! 065: 93 ;3A5 E65@=>?6CG 3: @=>85?=AB 4=::3C> 4=5 93AB 8>=>: 9?:>?C>: H ;= 4I=:3
J:6;K 3> ;= 4I=:3 J<3;K! 0L8>=> J:6;K 43A>1M>53 53458:3C>8 6@@3 ;3: 4=5>?A;3: 6C:>?>A=C>
;3 @=>85?=A 3C :A:43C:?6C 9=C: AC :6;N=C>! 0L8>=> J<3;K 3:> 6C:>?>A8 93 I=OC3: @=56@61
;8A;=?53: ?C>3516CC3>83: 4?8<3=C> ;3 :6;N=C> =PC 93 E65@35 AC 58:3=A!
0= >5=C:?>?6C 93 ;L8>=> J:6;K D ;L8>=> J<3;K :L3Q3>A3 4=5 93: 456898: 4IR:?61I?@?SA3
9843C9=C> 9A @=>85?=A ;A?1@M@3! -=C: ;3 =: 93: <3;: I?@?SA3:G ;= >5=C:?>?6C :3 4569A?>
<5T3 D 93: 58=>?6C: I?@?SA3: D >3@485=>A53 =@U?=C>3! 0L8>=U;?::3@3C> 9A 58:3=A @=1
56@6;8A;=?53 :L3Q3>A3 4=5 93: ;?=?:6C: I?@?SA3: V>R43 6N=;3C>3:W 3C>53 ;3: 46;R@F53:
3C :6;A>?6C! 03 456898 :6;1<3; 3:> U=:8 :A5 93AB 45?C?4=;3: 58=>?6C: I?@?SA3: SA? :6C>
;LIR956;R:3 3> ;= 6C93C:=>?6C! 0L8>=43 9LIR956;R:3 N= 435@3>>53 ?C>569A?53 93: ;?=?:6C:
V/XW =A :3?C 93: @6;8A;3: 9A 458A5:3A5 <5T3 =AB @6;8A;3: 9L3=A ;?U53 9=C: ;3 @8;=C<3!
0L8>=43 93 6C93C:=>?6C E65@3 AC 46C> 6B6 V/1.1/W 3C ;?U85=C> AC3 @6;8A;3 9L3=A 6A
9L=;66;! #3: 93AB 8>=43: 93 ;= 58=>?6C :3 E6C> 93 E=Y6C 6C35>83:! -3 4;A:G ;3: 93AB
8>=43: 93 ;= 58=>?6C :6C> 3B6>I35@?SA3:! Z6A5 @=O>5?:35 ;3 4563::A:G ?; 3:> ?C9?:43C:=U;3
93 @=O>5?:35 ;= >3@485=>A53 9A @?;?3A 93 58=>?6C!
03 @=>85?=A :6;1<3; D U=:3 9L=;6BR93 93 :?;??A@ I6?:? 3:> ;3 &./) 96C> ;= E65@A;3
I?@?SA3 3:> ;= :A?N=C>3 H Si(OCH3)4! 0L=;6BR93 93 :?;??A@G 458A5:3A5 93 ;= 58=>?6CG
:3 458:3C>3 :6A: ;= E65@3 :6;AU;3 9=C: AC :6;N=C> =PC 93 E=N65?:35 ;= 58=>?6C! 03 :6;N=C>
A>?;?:8 3:> AC =;66; V;3 @8>I=C6;W =5 ;3 &8>5=.8>I/BR)?;=C3 CL3:> 4=: @?:?U;3 9=C: ;L3=A!
+C =>=;R:3A5 3:> A>?;?:8 =PC 93 <=5=C>?5 AC >3@4: 93 58=>?6C 5=?:6CC=U;3 V>R4?SA3@3C>
93 ;L65953 93 ;LI3A53W!
03 4563::A: 93 <8;?P=>?6C =5=>85?:3 ;= E65@=>?6C 9A @=>85?=A! 03: 8>=43: 93 ;=
E65@=>?6C :6C> :I8@=>?:83: 3C P<A53  !"! 03 @=>85?=A :3 458:3C>3 :6A: ;= E65@3 9LAC3 :61
;A>?6C 6@46:83 93 @6;8A;3: 9A 458A5:3A5 V&./)W 9?:435:83: 9=C: ;3 :6;N=C> V@8>I=C6;W!
0L=[6A> 9A =>=;R:3A5 =N3 ;3 458A5:3A5 98;3CI3 ;3: 58=>?6C: I?@?SA3: 3> =?C:? =>?N3
;= E65@=>?6C 9A @=>85?=A! ,C <56::?::=C>G ;3: 4=5>?A;3: =?C:? E65@83: N6C> :3 6CC3>35 ;3:
AC3: =AB =A>53:! -A5=C> ;L8>=> J:6;KG ;L3C:3@U;3 93: @6C6@F53: N6C> 58=<?5 3> =<58<35 3C
\]
 !"! #$%$#&'%()&(*+,) -+ .$&'%($+ )/012,0
34567496:; <= >:?@5A3=B! 0= 9=5>B <= CD?67496:; =B9 <D7;6 :55= ?= 5:5=;9 :E ?F:; >=G9
<D7;63 G; H=56; 4??4;9 <FG; =I93D569D J ?F4G93= <G 3D6>6=;9 =; >4BB4;9 >43 ?=B <6KD3=;9=B
=;969DB >:?@5A3=B! $ >43963 <= ?4 >3=56A3= >=3:?496:; <= ?4 H4L;= 543:5:?DG?463=BM ?=
549D364G =B9 <4;B B:; D949 NC=?O!
 !"#$%  !" P Q3:=BBGB <= CD?67496:;!
0= 9=5>B <= CD?67496:; tg =B9 <D7;6 :55= ?F6;B94;9 :E G;= H4L;= 543:5:?DG?463=
3=?6= ?=B =I93D569DB <G 3D6>6=;9! (? <D>=;< <= >?GB6=G3B >4345A93=B :55= ?= >RM ?4 ;49G3=
<G B:?S4;9 G96?6BDM ?4 :;=;93496:; 6;6964?= <G >3DG3B=G3M ?= 94GI <FH@<3:?@B= =9 ?4 9=51
>D349G3=! 04 9=5>D349G3= =9 ?= 94GI <FH@<3:?@B= B:;9 <=B >4345A93=B 54L936B4T?=B =9 ;:GB
?=B U=3:;B S436=3 ?:3B <= ;:93= D9G<=! 0=B 4G93=B >4345A93=B 9=? VG= ?= >R =9 ?4 ;49G3= <G
B:?S4;9 G96?6BD B:;9 546;9=;4;9 6<=;96VG=B >:G3 ?F=;B=5T?= <=B 549D364GI G96?6BDB!
h =
[H2O]0
[Si(OCH3)4]0
. W !"X
0= 94GI <FH@<3:?@B= WhX =B9 ?= 34>>:39 =;93= ?4 :;=;93496:; 54BB6VG= 6;6964?= <G 41
94?@B=G3 4S= =??= <G >3DG3B=G3 WDVG496:;  !"X!
0FD9G<= 3D4?6BD= BG3 ?=B 549D364GI B:?1C=? :;=3;= =GI 4@4;9 G; 94GI <FH@<3:?@B= DC4?=
4! +; 9=? H:6I =B9 5:96SD >43 ?= 9=5>B <= ?4 5=BG3= =; =??=15Y5=! 0= 9=5>B <= C=? >:G3
= 9@>= <= 549D364G =B9 <= 48 56;G9=B >:G3 G;= 9=5>D349G3= <= 25o#! $6;B6M ?= BG6S6 <=B
>4345A93=B 4:GB96VG=B <G 549D364G B= U469 BG3 G;= <G3D= BG>D36=G3= J 93:6B U:6B ?= 9=5>B
<= C=? 4BBG34;9 ?= BG6S6 <= ?F=;B=5T?= <= ?4 3D496:;! (6M ?=B 5=BG3=B <G3=;9 150 56;G9=B!
Z[
 !"! #$%$#&'%()&(*+,) -+ .$&'%($+ )/012,0
 !"!# $%&'()*&+ ,- '. )-/012.)(2- '&23 ,( 02&1,1 3&'56-'
03 45678934:95 ;5 =>?@A>5 5?4 ;8B>@ =665 C3 45678934:95 ;5? 9834@D? 3E3>4 68C3>A5
54 F 5CC5 F C3 B> ;5 C3 9834@=>! ,> 7934@G:5H CI8J3>4@CC=> 5?4 7C38 3E3>4 54 75>;3>4 C5?
65?:95? ;3>? :>5 5>5@>45 4J596=?43485H 3??:93>4 :>5 45678934:95 ;5 =>?@A>5 =>?43>45!
)5:C5? C5? 45678934:95? ;5 ;8K:4 54 ;5 B> ;5 C3 9834@=> 75:E5>4 L495 63M49@?85?! ,> 5N54H
C5? 9834@=>? 3??:93>4 C3 D=9634@=> ;: 63489@3: ?=>4 5O=4J596@G:5?! $@>?@H C3 45678934:95
3: ?5@> ;5 63489@3: 8E=C:5 3: =:9? ;5 C3 9834@=>!
0I8E=C:4@=> ;5 C3 45678934:95 3: ?5@> :> 63489@3: ?=C1A5C 3E5 :> 43:O ;IJP;9=CP?5H
h = 4H 3E5 :>5 45678934:95 ;5 =>?@A>5 ;5 30o# 5?4 798?5>48 5> BA:95  !Q!
0 50 100 150 200 250 300 350
29.5
30
30.5
31
31.5
32
32.5
33
33.5
Time (min)
T
e
m
p
e
ra
tu
re
 (
°C
)
 !"#$%  !Q R 'E=C:4@=> ;5 C3 45678934:95 3: =:9? ;5 C3 D=9634@=> ;I:> A5C S4P75 h = 4T
7=:9 :>5 45678934:95 ;5 =>?@A>5 ;5 30o#!
-:93>4 C5? 7956@U95? 6@>:45?H C3 45678934:95 3: ?5@> ;: 63489@3: ?=C1A5C 9=@4 937@;51
65>4! #5445 8C8E34@=> ;5 45678934:95 5?4 ;:5 3: D3@4 G:5 C5? 9834@=>? J@6@G:5?H JP;9=CP?5
54 =>;5>?34@=>H ?=>4 5O=4J596@G:5?! 03 45678934:95 3: ?5@> ;: 63489@3:O ;89=M4 7=:9
3445@>;95 C3 45678934:95 ;5 =>?@A>5 ;5 CI84:E5! 05? =?@CC34@=>? ;5 45678934:95 ?=>4 ;:5?
3: ?P?4U65 ;5 98A:C34@=> ;5 CI5>5@>45 4J596=?43485!
VV
 !"! #$%$#&'%()&(*+,) -+ .$&'%($+ )/012,0
 !"! #$%&'$()*+ ,) -.'&/$.) +0123*1
03 567859:; <;= >387?53:@ <A78:<; ;=8 B5;6 C66: ;6 DC685C6 <: 8EF; <: F?7:?1
=;:? GC5=5H <; I3 C6;68?385C6 <: F?7:?=;:?H <: 83:@ <AGE<?CIE=;H <; I3 8;>F7?38:?; <;
C6=5J6;H <: FK ;8 <: 383IE=;:?! 03 567859:; <; ?7385C6 ;=8 <7?58; F3? I3 IC5 <A$??G;65:=
;8 3: >C<LI; <; MIC?E1)8CN>3E;?! 03 IC5 <A$??G;65:= <7?58 I3 O3?5385C6 <; I3 O58;==; <A:6;
?7385C6 G5>59:; ;6 DC685C6 <; I3 8;>F7?38:?;! ,II; ;=8 <7?58; F3? IA79:385C6 =:5O368; P
ln(tg) = C +
Ea
R T
, Q !RS
3O; R 78368 I3 C6=8368; <;= J3T; F3?D358= O3I368 8, 314 U>CI−1V−1H t I; 8;>F= <; J7I5W31
85C6H C :6; C6=8368;H T I3 8;>F7?38:?; ;6 V;IO56 ;8 Ea IA76;?J5; <A385O385C6 9:5 ?;F?7=;68;
I3 9:368587 <A76;?J5; 67;==35?; FC:? I36;? :6 F?C;==:= <; I3 ?7385C6 G5>59:;!
3.2 3.25 3.3 3.35 3.4 3.45 3.5
x 10
−3
7.2
7.4
7.6
7.8
8
8.2
8.4
8.6
8.8
1/T (K
−1
)
L
n
(t
g
)
Ln(t
g
) = −8.95 + 5044/ T 
 !"#$%  !X Y #567859:; <; ?7385C6 ;6 DC685C6 <; I3 8;>F7?38:?; FC:? :6 >387?53: =CI1J;I
Z B3=; <; =5I5; 3O; 3: 83:@ <AGE<?CIE=; 7J3I; Z 4 [/:I< ,G==;56  ! "#$H R\\]℄!
03 WJ:?;  !X <7?58 IA7OCI:85C6 <: ICJ3?58G>; <: 8;>F= <; J7I5W385C6 ;6 DC685C6 <;
IA56O;?=; <; I3 8;>F7?38:?; ;6 V;IO56 FC:? :6 >387?53: =CI1J;I 3E368 :6 83:@ <AGE<?CIE=;
7J3I Z 4! -36= ; 3=H I3 C6=8368; C ;=8 7J3I; Z −8, 95 ;8 I; ?3FFC?8 76;?J5; <A385O385C6
=:? I3 C6=8368; <;= J3T;= F3?D358= O3:8 5044 V! 0A7OCI:85C6 <: 8;>F= <; J7I5W385C6 ;6
"\\
 !"! #$%$#&'%()&(*+,) -+ .$&'%($+ )/012,0
3457845 9: ;< 7:=>?@<7A@: =:7 :5 ?B89:5: ;C?5:@D8: 9C<78B<7845 <>><@:57: 9: ;< 85?78EA:
9: ;< D?;8F<7845 GEaH EA8 B<A7 42 IJ=4;
−1
!
0: 4=>4@7:=:57 9A 7:=>K 9: D?;8F<7845 :K7 @:=<@EA<L;: <AKK8 :5 3457845 9A 7<AM
9CNO9@4;OK:! (; KA87 A5: ;48 9: >A8KK<5: >@4>4@78455:;;: P h−1! 0< FDA@:  ! =457@: ;:
4=>4@7:=:57 9A 7:=>K 9: D?;8F<7845 :5 3457845 9A 7<AM 9CNO9@4;OK: ><@ 9:AM =?7N49:K
9: =:KA@:K Q @N?4;4D8: 9: 4A:77: :7 @?K45<7:A@ P EA<@7R!
 !"#$%  ! S #4=><@<8K45 9:K 7:=>K 9: D?;8F<7845 tg G@N?4;4D8: 9: 4A:77:H :7 tvs G@?K41
5<7:A@ P EA<@7RH :5 3457845 9A 7<AM 9CNO9@4;OK: >4A@ 9:K =<7?@8<AM K4;1D:; 7O>: &./)
>4A@ A5: 7:=>?@<7A@: 9: 45K8D5: 9: 25o# T/A;9 ,NKK:85  ! "#$U VWWX℄!
0: 4=>4@7:=:57 9A 7:=>K 9: D?;8F<7845 :5 3457845 9: ;< 7:=>?@<7A@: :7 9A 7<AM
9CNO9@4;OK: >:@=:7 9: 455<Z7@: ;< 85?78EA: 9A =<7?@8<A K4;1D:;! -<5K ;:K ?7A9:K KA8B<57:KU
;:K ><@<=[7@:K <4AK78EA:K >:@=:77:57 9C:M7@<8@: 9:K 7:=>K <@<7?@8K78EA:K! 0:A@K <5<;OK:K
:5 3457845 9: ;< 7:=>?@<7A@: 9: 45K8D5: :7 9A 7<AM 9CNO9@4;OK: <KKA@:57 EA: :K 7:=>K
<@<7?@8K78EA:K K457 ;8?K P ;< K7@A7A@<7845 9A =<7?@8<A!
"W"
 !"! #$%&'$% ($% )*'*#+,'$% -.%/0123*%,.4&$% (*5% 3$%
#*,2'.*&6 %0317$3 8 2,*, ($ 39*',
 !" #$%&'$% ($% )*'*+,-'$% ./%1234*%-/5&$% (*6% 4$% +*-32
'/*&7 %1428$4 9 :-*- ($ 4;*'-
3: ;<=?@? A=B1C:B D EDFG B9=HI:G @: J=KH<:LA:A ?GL@:A @:AG<LGFM:A :G J=J1@:AG<LGFM:A
DNJ @: OLDJGFN:< BD MFG:AA: @: BD <?DGF=J @: C?BFNDGF=J! 39?GL@: APAG?KDGFOL: @: BD F1
J?GFOL: ;:<K:G LJ: @?KD<Q: 9OLDBFG?9 :J ML: @: B9DK?BF=<DGF=J @L KDG?<FDL :G @: AD
;<?;D<DGF=J! 3:A K?GQ=@:A @: K:AL<: =L<DKK:JG :K;B=P?:A LGFBFA:JG BD <Q?=B=CF:AR BD
SL=<:A:J: T'DGDIAUD17D@=KAUD :G 7D@=KAUFR "VV ℄R B:A <DP=JA 6R BD A;:G<=A=;F: '#5
T#DXL<  ! "#$R "VVV℄ =L :J=<: B9D=LAGFOL: =K;<:JDJG B:A K?GQ=@:A LBG<DA=J=<:A! .FR A:LB:A
BD <Q?=B=CF: @: /=L:GG: :G B:A K?GQ=@:A LBG<DA=J=<:A A=JG <:;=<G?:A! )=L< B:A K?GQ=@:A LB1
G<DA=J=<:AR B:A ;D<DKYG<:A BFJ?DF<:A A=JG B:A A:LBA Z [G<: ?GL@F? Z J=G<: =JJDFAADJ:!
3D <Q?=B=CF: @: /=L:GG:R =JAF@?<? =KK: BD K:AL<: @: <?E?<:J:R A9:\:GL: Z B9DF@:
@9LJ <Q?=KYG<: <=GDGFE @: GP;: /=L:GG:! /:GG: <Q?=B=CF: HDAA: E<?OL:J: =JAFAG: :J B9?GL@:
@: B9?M=BLGF=J @:A ;D<DKYG<:A MFA=1?BDAGFOL:A @L KDG?<FDL! (DJA : DAR BD :BBLB: @: K:1
AL<: :K;<FA=JJ:R :JG<: B:A @:L] PBFJ@<:A =D]FDL] OLF BD =K;=A:JGR B: KDG?<FDL A=B1C:B!
3: K=LM:K:JG @: <=GDGF=J @9DK;BFGL@: @: =JG<DFJG: =JAGDJG: :G @: E<?OL:J: ;:<K:G
@9=HG:JF< LJ K=LM:K:JG BDKFJDF<: @: FADFBB:K:JG! 3D K:AL<: @:A K=@LB:A ?BDAGFOL: 79 :G
MFAOL:L] 7^ A: EDFG ;D< @:A PB:A @: A_::; :J E<?OL:J: DBBDJG @: 0, 2 Z 3 `X! 39?GL@: @:
B9?M=BLGF=J @:A K=@LB:A ?BDAGFOL: 79 :G MFAOL:L] 7^ A9:\:GL: :J E=JGF=J @: BD E<?OL:J:
:G @L G:K;A T/QDKH=J :G aFJG:<R bcdeR 'FQG:<FJC  ! "#$R bcc"℄! 39DJDBPA: @: B9?M=BLGF=J
@:A K=@LB:A ?BDAGFOL:A :G MFAOL:L] K=JG<: LJ: <=FAADJ: @:A ;D<DKYG<:A! 3D G<DJAFGF=J
A=B1C:BR tgR :AG @?NJF: ;D< B9FJAGDJG =f B:A C<DJ@:L<A ?BDAGFOL:A QDJC:JG H<LGDB:K:JG!
7FHFDG :G DB! =JG @?K=JG<? B: ;=G:JGF:B @:A ;<=;<F?G?A D=LAGFOL:A D;;BFOL?:A DL] KDG?1
<FDL] D?<=C:B Z HDA: @: AFBF: ;<=Q: @:A KDG?<FDL] A=B1C:B T7FHFDG  ! "#$R bccg℄! (DJA :GG:
?GL@:R @:A K:AL<:A @: MFG:AA: :AG :\:GL? @DJA @:A KDG?<FDL] Z EDFHB: @:JAFG?! $J D;;BFOLDJG
LJ: FK;LBAF=J K?DJFOL: DL KDG?<FDL A=B1C:BR FB ?K:G LJ A=J D<DG?<FAGFOL: ?M=BLDJG DL
=L<A @: AD E=<KDGF=J T%:<EDGP  ! "#$R bccdR %:J=LF  ! "#$R "VVb℄! 3: ;<FJF;: @: BD K:AL<:
=JAFAG: Z ;<=;DC:< LJ: =J@: D=LAGFOL: @DJA BD CDKK: @: E<?OL:J: @: B9DL@FHB: h50 Z 20
U`Xi :G @: @?G:G:< B:A =J@:A @: ;<:AAF=JA ;<=;DCDGFM:A DM: FJG:<E?<:J:! /:A FJG:<E?<:J:A
;:<K:GG:JG @: D<DG?<FA:< BD G<DJAFGF=J A=B1C:B! * ;D<GF< @:A AFCJDL] ?B:G<FOL:A @9:JG<?: :G
bV"
 !"! #$%&'$% ($% )*'*#+,'$% -.%/0123*%,.4&$% (*5% 3$%
#*,2'.*&6 %0317$3 8 2,*, ($ 39*',
:; <=>?@;A BC D=E?@=E :; ?>CE<D;>? =GHB;I; H˜(f, t) ;<? ;I?>C@?; ;? >;H>J<;E?C?@K; :;< G=1
:@LC?@=E< <MN@< HC> B9=E:; C=M<?@OM; H>=HCPJ; ;E <9CQ>CER@<<CE? :; <=E ;EK@>=EE;G;E?
S?>CE<:M?;M> ;? ;BBMB; :; G;<M>;<T! 3C D=E?@=E :; ?>CE<D;>? ;<? ;I?>C@? U HC>?@> :9ME;
<=M<?>C?@=E :9ME; >JDJ>;E;A B; H>;G@;> @E<?CE? :; BC >JC?@=E! 39JK=BM?@=E :; BC RC>P; :M
?>CE<:M?;M> CMI =M>< :; BC D=>GC?@=E :M GC?J>@CM E9;<? HC< H>@< ;E =GH?; :CE< ;??;
J?M:;! *K; B9C::@?@=E :9ME LB?>; %CK@?VWX17=BCXA BC D>JOM;E; :; >J<=ECE; ;<? @<=BJ; ;?
<M@K@ CM =M>< :; BC >JC?@=E! /; <M@K@ :;< H@< :; >J<=ECE; :; BC D=E?@=E :; ?>CE<D;>?
DC@? CHHC>CY?>; ME; :JH;E:CE; :;< H>=H>@J?J< :M GC?J>@CM <=B1P;B! *@E<@A B;< HC>CGZ?>;<
K@<=JBC<?@OM;< 79 ;? 7[ <=E? :J:M@?< ;? H;>G;?< :; >;G=E?;> U BC @EJ?@OM; :; PJB@LC?@=E!
&E; GJ?R=:; :; >RJ=B=P@; MB?>C<=E=>; NC<J; <M> B; <M@K@ :; BC >JH=E<; :M GC?J>@CM
U ME; =E?>C@E?; RC>G=E@OM; :; @<C@BB;G;E? <9;Q;?M; P>\; U ME >J<=EC?;M> U OMC>?V!
3; >J<=EC?;M> <=E:; B;< HC>CGZ?>;< JBC<?@OM; ;? K@<=JBC<?@OM; :M GC?J>@CM <=B1P;B ;E
=E?C? CM?=M> :; <C D>JOM;E; :; >J<=ECE; :; B9=>:>; :; 6 #]V ^7>@;<GC>  ! "#$A "__`A
0MB: $R<<;@E  ! "#$A "__a℄! 3; OMC>?V CXCE? :;< H>=H>@J?J< H@JV=1JB;?>@OM;<A ME; =E:; :;
@<C@BB;G;E? ;<? PJEJ>J; ;? H>=HCPJ; :CE< B; G@B@;M ;E =E?C?! 39@GHJ:CE; JB;?>@OM;
:M OMC>?V ;<? G=:@LJ; HC> B9@GHJ:CE; GJCE@OM; :M GC?J>@CM ;E =E?C?! 3; <M@K@ :;
BC HC>?@; >J;BB; ;? @GCP@EC@>; :; B9@GHJ:CE; JB;?>@OM; C<<M>; BC :J?;>G@EC?@=E :;< HC>C1
GZ?>;< JBC<?@OM; ;? K@<=JBC?@OM;! 39JK=BM?@=E :;< G=:MB;< JBC<?@OM; 79 ;? K@<OM;MI 7[ DC@?
CHHC>CY?>; :; D=>?;< KC>@C?@=E< @E:JH;E:CGG;E? :;< D>JOM;E;< :;< >J<=ECE;<! *@E<@A B;
<M@K@ :;< HC>CGZ?>;< G;? ;E JK@:;E; ME ?;GH< C>C?J>@<?@OM; B@J CM ?;GH< :; PJB@LC?@=E!
/;??; GJ?R=:; ;<? G@<; ;E =;MK>; <M> B9JK=BM?@=E :;< HC>CGZ?>;< K@<=JBC<?@OM;< :M>CE? BC
D=>GC?@=E :; XC=M>? ^0MB:1$R<<;@E  ! "#$A "__a℄!
/>=<  ! "#$ ^/>=<  ! "#$A "__c℄ G;? ;E JK@:;E; ME; ?;RE@OM; :9@EK;<?@PC?@=E NC<J; <M>
B9CB?J>C?@=E :; B9J?C? :; >J<=ECE; :9ME =>E;? C=M<?@OM; ;E D=E?@=E :; B9JK=BM?@=E :M
GC?J>@CM! 3; =>E;? C=M<?@OM; <; H>=B=EP; :9ME; <=E:; OM@ ;<? HB=EPJ :CE< B; GC?J>@CM
:9J?M:;! 39@EK;<?@PC?@=E <9;Q;?M; <M> B;< GCI@GMG< :; BC HC>?@; >J;BB; :; B9@GHJ:CE; U BC
>J<=ECE;<! /;??; >J<=ECE; ;<? :; B9=>:>; :; BC :@VC@E; :; W@B=R;>?V! 39CGHB@?M:; :;< H@< :;
>J<=ECE;< JK=BM;E? CM =M>< :; BC D=>GC?@=E :M GC?J>@CM <=B1P;B! 3;< CM?;M>< G=E?>;E? OM;
B9JK=BM?@=E :;< H@< :; BC H>;G@Z>; >J<=ECE; ;? :; BC :;MI@ZG; <=E? <@G@BC@>;<! 39RXH=?RZ<;
H;>G;??CE? :; <M@K>; B9JK=BM?@=E ;<? OM; BC K@<=<@?J ;E?>; B9J?C? dM@:; ;? B9J?C? <=B@:; <=@?
c_`
 !"! #$%&'$% ($% )*'*#+,'$% -.%/0123*%,.4&$% (*5% 3$%
#*,2'.*&6 %0317$3 8 2,*, ($ 39*',
:;<;=>?@! *A?BAC D@B EF;DGHA;?B I@B JAB I@ LEB;?M?@B B;?H B@?BAND@B MGO JP @H MGO HMGO
I9:QIL;DQB@ <@HHM?H @? EFAI@?@ RG@ @ BGAFA @BH B@?BAND@ S DM =EDATMHA;?!
&?@ MGHL@ H@:?ARG@ I9A?F@BHA=MHA;? MBBGL@ D@ BGAFA I@ D9EF;DGHA;? IG <MHELAMG B;D1=@D JML
D9EHGI@ I@B ;?IAHA;?B DA<AH@B I9G?@ JDMRG@ I9MDG<A?AG< UVADWA@1/:M?@DDA@L  ! "#$C "XXY℄!
3@B ;?I@B I@ 3M<N =E?ELEB JML G? HLM?BIGH@GL B@ JL;JM=@?H D@ D;?= I@ DM JDMRG@ I9MDG<A1
?AG<! 3@ <MHELAMG B;D1=@D :ML=@ DM JDMRG@ I9MDG<A?AG< @? B;? @OHLE<AHE! *A?BAC @? [;?HA;?
I@ D9EF;DGHA;? IG <MHELAMGC D@B ;?IAHA;?B DA<AH@B FMLA@?H @?HLMA?M?H G?@ FMLAMHA;? I@B M<1
JDAHGI@B IG <;I@ I@ 3M<N @OAHEC A1! /@HH@ EHGI@ <;?HL@ D9A<J;LHM?@ I@ JL@?IL@ @?
;<JH@ D9@\@H I@ H@<JELMHGL@ IM?B D@ <MHELAMG! $? @\@HC D@B LEMHA;?B [;L<M?H D@ <MHELAMG
B;D1=@D EHM?H @O;H:@L<ARG@BC DM FAH@BB@ I@B ;?I@B 3M<N @BH IEJ@?IM?H@ I@ DM H@<JELMHGL@!
*JL>B ;LL@HA;? I@B @\@HB I@ DM H@<JELMHGL@C D@B MGH@GLB <@HH@?H @? EFAI@?@ G? H@<JB
MLMHELABHARG@ DAE MG JL;@BBGB I@ =EDATMHA;?! /;<<@ IM?B D@ MB IG ;L?@H M;GBHARG@C
JD;?=@L G?@ B;?I@ IM?B D@ <MHELAMG I9EHGI@ J@GH @?=@?IL@L I@B JL;ND><@B I@ ;?HMH! 39MJ1
JMLAHA;? I@ TBBGL@B ;G I@ IE;DD@<@?H I@ <MHA>L@ MGH;GL I@ DM B;?I@ @BH S @?FABM=@L IM?B
D@ MB I9EHGI@ H@<J;L@DD@ D;?=G@ ;<<@ J;GL D9EHGI@ IG FA@ADDABB@<@?H!
3@ JMLM<>HL@ <M];LAHMAL@<@?H <@BGLE IM?B DM ;<<G?MGHE @BH DM FAH@BB@ I@B ;?I@B
GDHLMB;?;L@B B@ JL;JM=@M?H MG B@A? IG <MHELAMG! 3M <@BGL@ I@ @ JMLM<>HL@ @BH DML=@<@?H
LEJM?IG ML [MAD@ S <@HHL@ @? JDM@! (M?B D@B <MHELAMGO B;D1=@DC DM FAH@BB@ M [MAH D9;N]@H
I@ JDGBA@GLB EHGI@B ;<<@ JML @O@<JD@ -;DD@H  ! "#$ U-;DD@H  ! "#$C ^___℄ ;G ;`L@BH  ! "#$
U ;`L@BH  ! "#$C ^__a℄! %@GD@ DM ;??MABBM?@ I@ DM EDELAHE GDHLMB;?;L@ ?@ [MAH JMB ;NDA=MH;A1
L@<@?H MJJMLMbHL@ DM MLMHELABHARG@ DAE@ S DM [;L<MHA;?! 39EF;DGHA;? I@ DM FAH@BB@ I@ ;?I@B
GDHLMB;?;L@B M EHE EHGIAE@ IM?B D@ MB I@ D9EFMJ;LMHA;? IG B;DFM?H D;LB I@ DM BQ?H:>B@ IG
<MHELAMG B;D1=@D U#MHBGWMcM  ! "#$C ^__Y℄! 3@ ;<J;LH@<@?H I@ DM FAH@BB@ I@B ;?I@B GDHLM1
B;?;L@B @BH IA\EL@?H @?HL@ G? BQBH><@ ;GF@LH dL;ABBM?H JGAB JL;=L@BBAF@<@?H IEL;ABBM?H
G?@ [;AB DM =EDATMHA;? IG <MHELAMG @BH EHMNDA@e @H G? BQBH><@ [@L<E dIEL;ABBM?He! /@HH@
IA\EL@?@ I@ ;<J;LH@<@?H B9@OJDARG@ JML @DD@ I@ DM LEMHA;? RGM?I D@ BQBH><@ @BH ;GF@LH
;G [@L<E! 3M <@BGL@ I@ DM FAH@BB@ I@B ;?I@B GDHLMB;?;L@B IM?B D@B <MHELAMGO B;D1=@D M EHE
;<JMLE@ S G?@ EHGI@ I@ fG;L@B@?@ U'MHM]BWM17MI;<BWM @H 7MI;<BWAC "XX ℄! (@ @HH@
;<JMLMAB;?C D@ H@<JB I@ =EDATMHA;? @BH DMAL@<@?H AI@?HATE BGL DM <@BGL@ I@ DM FAH@BB@
GDHLMB;?;L@ @? [;?HA;? I@ D9EF;DGHA;? IG <MHELAMG! 3M <@BGL@ I@B JMLM<>HL@B DA?EMAL@B
^X 
 !"! #$%&'$% ($% )*'*#+,'$% -.%/0123*%,.4&$% (*5% 3$%
#*,2'.*&6 %0317$3 8 2,*, ($ 39*',
:<=>?@A=B> : C?C D@>B BE <B=FGB H:E> HB> D:?CG@:=I JG<KB> HB> D:?CG@:=I ><L1MBL N O:>B
HB ,#0%! 3: ?G:E>@?@<E ><L1MBL : C?C >=GFB@LLC MGPB N HB> DB>=GB> HB F@?B>>B J<=G HB>
D:?CG@:=I ?QJB KQHG<<LL<@H> E:?=GBL> R,<=O:L  ! "#$S "TTU℄! 3: HC?BGD@E:?@<E HB> D<H=LB>
F@><CL:>?@A=B> BE B>? W:@LBDBE? HCH=@?B! 3: DB>=GB H9:??CE=:?@<E HB> <EHB> =L?G:><E<GB>
:= >B@E HB> D:?CG@:=I ><L1MBL ?QJB ,#0% B>? D<@E> :O<EH:E?B! /BJBEH:E?S LB> ?G:F:=I HB
X:G@  ! "#$ DB??BE? BE CF@HBEB L: W:@>:O@L@?C HB DB>=GBG L9:??CE=:?@<E N K:=?B WGCA=BEB
H= JG<B>>=> HB MCL@Y:?@<E >=G HB> MBL> :GQL@A=B> RX:G@  ! "#$S Z[\T℄!
*@E>@S H:E> E<?GB C?=HBS L: DB>=GB HB> J:G:D]?GB> :<=>?@A=B> L@EC:@GB> ^CLCG@?C B?
:??CE=:?@<E_ B? E<E L@EC:@GB B>? D@>B BE <B=FGB! 3: DC?K<HB :=?<1:L@OGCB :>>=GB L: HC1
?BGD@E:?@<E HB> K:DJ> HB JGB>>@<E :O><L=B ?<=? BE JGBE:E? BE <DJ?B L9CF<L=?@<E HB L:
K:GMB :<=>?@A=B!
ZT`
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
 !" #$%&'$% ($% )*'*+,-'$% */&%-01&$% 2 34%&5-*-% $6)4'07
+$8-*&6
367 89:9;<=:67 9?@7=AB@67 ;67@:C7 9@ ?@:7 D6 E9 F?:;9=A?G D@ ;9=C:A9@ 7?EHI6E 7?G=
E9 CEC:A=CJ EK9==CG@9=A?G D67 ?GD67 @E=:97?G?:67 6= E6 89:9;<=:6 G?G EAGC9A:6! 3KCL?E@=A?G
D67 89:9;<=:67 9?@7=AB@67 86:;6= DK6M=:9A:6 D67 =6;87 9:9=C:A7=AB@67 EAC7 N E9 AGC=AB@6
D6 E9 :C9=A?G OA;AB@6! 5?@7 9L?G7 L@ D9G7 E6 89:9I:98O6 8:CCD6G= B@6 E9 AGC=AB@6 D6 E9
:C9=A?G D@ ;9=C:A9@ 7?EHI6E DC86GD9A= D6 8E@7A6@:7 F9=6@:7 6= G?=9;;6G= E9 =6;8C:9=@:6
6= E9 =9@M DKOPD:?EP76! (9G7 @G 8:6;A6: =6;87J E6 =9@M DKOPD:?EP76 67= QMC 6= CI9E6 N
4! &G6 7C:A6 D6 ;67@:67 67= 6R6=@C6 9L6 DARC:6G=67 =6;8C:9=@:67 D6 ?G7AIG6! )@A7J E9
=6;8C:9=@:6 D6 ?G7AIG6 67= QMC6 N 25o-J @G6 7C:A6 D6 ;67@:67 67= 6R6=@C 9L6 DARC:6G=
=9@M DKOPD:?EP76!
*L9G= D6 8:C76G=6: EKCL?E@=A?G D67 =:?A7 89:9;<=:67 9?@7=AB@67 D@:9G= E9 F?:;9=A?G
D@ ;9=C:A9@ 7?EHI6EJ E6 8:?=??E6 D6 ;67@:67 6= EK6R6= D6 E9 9EAS:9=A?G 7?G= DC=9AEEC7! -6
8:?=??E6 977@:6 @G6 :C8C=9SAEA=C D6 EK6M8C:A6G6 6= 9AG7A @G6 S?GG6 :C8C=9SAEA=C D67 ;6H
7@:67! $GQGJ 98:<7 9L?A: 6M=:9A= E67 =6;87 9:9=C:A7=AB@67 D67 ;67@:67 D6 E9 CEC:A=CJ D6
EK9==CG@9=A?G 6= D@ 89:9;<=:6 G?G EAGC9A:6J AE7 7?G= ?;89:C7 N 6@M D6 E9 EA==C:9=@:6 9QG
DK9T:;6: B@KAE7 :6U<=6G= E9 7=:@=@:9=A?G D@ ;9=C:A9@ 7?EHI6E!
 !"!# $%&'&&)* *+,-%./*0'1)
36 DA78?7A=AF 6M8C:A;6G=9E 67= 9@=?;9=A7C 9QG DK977@:6: E9 ;67@:6 D67 7AIG9@M CE6H
=:AB@67 9L6 @G AG=6:L9EE6 D6 =6;87 :CI@EA6:! &G 8:?=??E6 6M8C:A;6G=9E 67= ;A7 6G 8E96
6= DC:A= EK6G76;SE6 D67 ;67@:67 N 6R6=@6: 9@ ?@:7 D@ =6;87! 3K9@=?;9=A79=A?G 86:;6=
EKC=@D6 D6 ;9=C:A9@M 9P9G= @G6 CL?E@=A?G =6;8?:6EE6 D6 767 8:?8:AC=C7 LA7?HCE97=AB@67!
3KCL?E@=A?G D@ ;9=C:A9@ D?A= V=:6 D6 EK?:D:6 D6 EKO6@:6! %A EKCL?E@=A?G 67= 8E@7 :98AD6J EK6GH
76;SE6 D67 ;67@:67 G6 86@L6G= 897 V=:6 F9A= D9G7 E67 ?GDA=A?G7 ADC9E67! $G 6R6=J EKOP8?=O<76
@=AEA7C6 67= B@K@G 8?AG= D6 ;67@:6 :68:C76G=C 89: D67 ;67@:67 D6 ?@:9G=7 6= D6 =6G7A?G7
DK6G=:C67 6= D6 7?:=A67 7K6R6=@6 7@: @G ;9=C:A9@ B@A 9 86@ CL?E@C! %A E6 ;9=C:A9@ 76 F?:;6
=:?8 :98AD6;6G=J 6==6 OP8?=O<76 GK67= 8E@7 L9E9SE6!
367 DARC:6G=67 ;67@:67 GC6779A:67 8?@: DC=6:;AG6: E67 89:9;<=:67 9?@7=AB@67 D@ ;9H
WXY
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
 !"#$%  !6 7 (89:;9<<= >? @;ABAAD= >E9F?8G8B8AH >=G G8:H9?I JD=B;8F?=G >E=HB;J=G =B
>= GA;B8=G 9?I KA;H=G >? B;9HG>?B=?; 98HG8 F?= >= D9 B=<@J;9B?;= >? <8D8=? >EJB?>=!
LMN
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
6789:; <= >8<=:=6 <= @A>6< B<C D@=69@=C E< 68:=CD<86 E; 68:=CE;6<;8 @=6 767 A9C <=
B;A9F8< E:=C B<C G:>968<C >877E<=6C! 3: HI;8<  !J >87C<=6< B< E9:I8:AA< CK=6G769C:=6 E<C
A<C;8<C <L>789A<=6:B<C <M<6;7<C! 3<C A<C;8<C <M<6;7<C C@=6 N 8:>>8@G<8 E<C I8:=E<;8C
>GKC9O;<C <L68:96<C E< <C E<8=9F8<C!
3: >8<A9F8< 76:>< @=C9C6< N D:98< BP:O;9C969@= E< B: 7B78967 <6 E< BP:667=;:69@= N >:8698
EP;=< 9A>;BC9@= N B: D87O;<=< C9A>B< QfIR I7=787< E:=C B< A9B9<; EP76;E<! 3P:O;9C969@=
E; @;8:=6 E< C@869< :;L S@8=<C E; 68:=CE;6<;8 <C6 <M<6;7<! 3: 6<A>78:6;8< E; A9B9<;
<C6 :O;9C< <6 C:;T<I:8E7< E;8:=6 BP76:>< C;9T:=6<! 3: >8@7E;8< E< :B9S8:69@= =7<CC96<
BP:O;9C969@= E<C 68:9=C EP@=E<C E<C C9I=:;L EP<=687<C <6 E< C@869<C! 3: :B9S8:69@= E@96
CP<M<6;<8 N B: D@9C <= 7A9CC9@= <6 <= 87<>69@= :H= E< E76<8A9=<8 B<C D@=69@=C E< 68:=CD<86
<6 B<C G:A>C E< >8<CC9@=C D@=E:A<=6:B<C <6 G:8A@=9O;<C! )@;8 E76<8A9=<8 B< >:8:AF68<
=@= B9=7:98<U 9B <C6 9A>@86:=6 EP7T:B;<8 B: ><=6< E; 8:>>@86 E<C >8<CC9@=C G:8A@=9O;<C C;8
B<C >8<CC9@=C D@=E:A<=6:B<C Q>:8:I8:>G<C V!"R! )@;8 @S6<=98 <66< ><=6<U E9M78<=6C =9T<:;L
EP<L96:69@= C@=6 7A9C N 68:T<8C B< A9B9<; EP76;E<! *9=C9U ;= 68:9= EP@=E<C <C6 7A9C :T<
;=< :A>B96;E< A <6 ;=< D87O;<=< fI ! 3<C @;8:=6C <6 B<C 6<=C9@=C 7A9C <6 8<W;C C@=6
:O;9C! );9C BP@>78:69@= <C6 8796787< >@;8 E<C 68:9=C EP@=E<C N ;=< D87O;<=< fII ! -<66<
76:>< <C6 87>767< 68@9C D@9C :T< E<C :A>B96;E<C A E9M78<=6<C :H= E< E76<8A9=<8 B: ><=6<
E< B: >8<CC9@= G:8A@=9O;< N BP@8E8< E<;L <= D@=69@= E< B: >8<CC9@= :; D@=E:A<=6:B< :;
:887! -<66< 76:>< <C6 @=C@AA:689< E< 6<A>C :8 <BB< =7<CC96< ;=< A@K<==< E<C C9I=:;L
>@;8 87E;98< B< S8;96! -G:O;< C9I=:B :O;9C <C6 A@K<==7 40 D@9C! *9=C9U BP76:>< A<C;8:=6
B<C C9I=:;L <=687<C <6 C@869<C :;L E<;L D87O;<=<C QfI <6 fIIR >@;8 E<;L :A>B96;E<CU C@96
16 :O;9C969@=CU =7<CC96< 45 C<@=E<C! -<C 68@9C 76:><C C@=6 87I;B9F8<A<=6 87>767<C >@;8
C;9T8< B<C >:8:AF68<C ;B68:C@=@8<C :; @;8C E< B: D@8A:69@= E; A:6789:;! (:=C B< :C E<C
A:6789:;L C@BXI<BU <C 76:><C C@=6 87>767<C 6@;6<C B<C E<;L A9=;6<C!
3: I7=78:69@= G:8A@=9O;< =7<CC96< E<C =9T<:;L E< >8<CC9@= EP:A>B96;E< 7B<T7<C E<
BP@8E8< E< 0, 1 #):! ,<G=9O;<A<=6U BP:A>B96;E< E< B: 6<=C9@= EP<=687< :;L S@8=<C E;
68:=CE;6<;8 <C6 E< 100 Y >@;8 ;= @;8:=6 EP<=687< E< 1 *! 3: >8<CC9@= N BPG:8A@=9O;< 2
8<;<9BB9< :;L S@8=<C E; 68:=CE;6<;8 <C6 E< BP@8E8< E< 5000 ):! 3<C =9T<:;L E< >8<CC9@=C
I7=787<C E:=C B< A:6789:; :CC;8<=6 B: I7=78:69@= G:8A@=9O;< 6@;6 <= >87C<8T:=6 BP9=67I8967
E; A:6789:;! 3<C =9T<:;L E< >8<CC9@=C I7=787<C =< ><86;8S<=6 >:C B: D@8A:69@= E; A:6789:;!
Z[\
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
567689 :;< =<9 >?@B;7C689 =6CD<87 E7?< >?C9<9 68<?8B87 FG;7CFC9B7C68 =; HB7@?CB; 96FI
J<F! 36?9 =; H@FB8J< =; B7BFK9<;? BD< F< 96FDB87L =< HC?6IM;FF<9 =G<B; B>>B?BC99<87! -<
>N@86HO8< 9G<P>FC:;< >B? FB 8B7;?< =<9 <9>O<9 NCHC:;<9 <8 Q<;! )6;? B;9<L F< H@7NB86F
<97 ><; HC9CMF< =B89 FG<B; RBC9B87 B>>B?BS7?< =<9 HC?6IM;FF<9! -< >N@86HO8< ><;7 <8J<8I
=?<? ;8< <??<;? 9;? FB H<9;?< =< FGB77@8;B7C68 9C F< H@FB8J< 8G<97 N6H6JO8< BDB87 F< =@M;7
=<9 H<9;?<9!
3< 7?BC7<H<87 =<9 =688@<9 B:;C9<9 F6?9 =; 9;CDC =<9 >B?BHO7?<9 B6;97C:;<9 <H>?<C87<
FB HEH< NC@?B?NC< :;< F< >?6766F< =< H<9;?<9! *C89CL FB @F@?C7@ <7 FG@DBF;B7C68 =< FGB77@I
8;B7C68 =<9 68=<9 ;F7?B9686?<9 9687 =C?<7<H<87 =@7<?HC8@<9 =< FGB:;C9C7C68 =; 9CJ8BF T
FB R?@:;<8< fI U@7B>< 1V! 3<9 >?6@=;?<9 =< BFCM?B7C68 B;P R?@:;<8<9 fI <7 fII B99;?<87
?<9><7CD<H<87 FB =@7<?HC8B7C68 =< FB >?<99C68 T FB R?@:;<8< R68=BH<87BF< <7 NB?H68C:;<
2 U@7B>< 3V! 3< >B?BHO7?< 868 FC8@BC?< <97 =@=;C7 =< FB ?BH>< <8 7<89C68 6HMC8<? BD<
FG<P>?<99C68 =; NBH> =< >?<99C68 =@?C7 >B? FB =@6H>69C7C68 <8 96HH<9 =< JB;99C<88<9!
 !"!# $%&' (& )* *),-.*',/0
)<8=B87 FB R6?HB7C68 =; HB7@?CB;L FGCH>@=B8< B6;97C:;< =< FB NB?J< DB @D6F;<? B;
6;?9 =; 7<H>9 CH>FC:;B87 ;8< DB?CB7C68 =<9 R687C689 =< 7?B89R<?7 =; 7?B89=;7<;? T FB
R6C9 <8 @HC99C68 <7 <8 ?@<>7C68! .?L FB R687C68 =< 7?B89R<?7 <97 8@<99BC?< T >?<8=?< <8
6H>7< >6;? =@7<?HC8<? FGB77@8;B7C68 =<9 68=<9 ;F7?B9686?<9 =B89 F< HB7@?CB; B; 6;?9 =<
968 @D6F;7C68! (< HEH<L F< 6<WC<87 =< =CX?B7C68 <97 8@<99BC?< T >?<8=?< <8 6H>7<
>6;? =@7<?HC8<? F<9 =<;P >B?BHO7?<9 1 @F@?C7@ <7 B77@8;B7C68!
(;?B87 FB R6?HB7C68 =; HB7@?CB; 96FIJ<FL FB @F@?C7@ =<9 68=<9 ;F7?B9686?<9 DB?C< =< 5%!
-<77< DB?CB7C68 CH>FC:;< =< RBC7 ;8< DB?CB7C68 C=<87C:;< =< FGCH>@=B8< B6;97C:;<! *C89CL
>B? 689@:;<8< F<9 R687C689 =< 7?B89R<?7 <8 @HC99C68 <7 <8 ?@<>7C68 DB?C<87 NB;8<
=< 6%! -<77< DB?CB7C68 86?HBFC9@< <97 CFF;97?@< <8 YJ;?<  !Z! 3< ?B>>6?7 =<9 R687C689 =<
7?B89R<?7 <97 C87?6=;C7 =B89 F< BF;F =< FGB77@8;B7C68 <P>?CH@ =B89 F< >B?BJ?B>N< [![!"! 3B
>?6@=;?< ><?H<77B87 =< =@7<?HC8<? FGB77@8;B7C68 <97 B;99C >?@C9@< =B89 < >B?BJ?B>N<!
3G<P>?<99C68 =< FGB77@8;B7C68 RBC7 B>>B?BS7?< FGC8\;<8< =<9 <X<79 =< =CX?B7C68 <7 =<
?@\<PC68! -<9 =<;P <X<79 ><;D<87 E7?< :;B87CY@9! 3<9 R687C689 =< =CX?B7C68 F6?9 =< FB
R6?HB7C68 =; HB7@?CB; 96FIJ<F ?<>?@9<87<87 9<;F<H<87 1, 3% =< DB?CB7C68! 3B DB?CB7C68 =;
]^_
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
0 20 40 60 80 100 120
0.96
0.98
1
1.02
1.04
1.06
1.08
1.1
Time (min)
H
e
/H
e
in
it
 !"#$%  !6 7 #89:;< 9< ;= >8?AB8? 9< AC=?D><CA 9: AC=?D9:A<:C <? EFBDDB8? G8:C :?
F=AECB=: D8;HI<; AJG< ,#.% =K< :? A=:L 9MNJ9C8;JD< 9< 4!
8<OB<?A 9< CEP<AB8? <DA <?8C< G;:D >=BQ;< D8BA 9< 0, 5%! 3= GC8E9:C< 9< =;BQC=AB8? F<A
<? EKB9<?< R:< ;<D >8?AB8?D 9< AC=?D><CA 9: AC=?D9:A<:C D8?A R:=AC< >8BD G;:D B?P:<?A
R:< ;= >8?AB8? 9< 9BSC=AB8?!
(=?D <D F<D:C<DT ;= >8?AB8? 9< AC=?D><CA 9: AC=?D9:A<:C <DA GCBD< <? 8FGA< G8:C
;< =;:; 9< ;M=AAE?:=AB8?! $? <S<AT ;= E;ECBAE 9<D 8?9<D ;8?IBA:9B?=;<D :;AC=D8?8C<D <DA
9BC<A<F<?A 9E9:BA< 9<D DBI?=:L E;<ACBR:<D F<D:CED U8:C=?AD 9< D8CAB< =:L Q8C?<D 9:
AC=?D9:A<:CV! )8:C =:D<T ;M=CI:F<?A 9: C=GG8CA 9<D >8?AB8?D 9< AC=?D><CA R:< < D8BA
<? EFBDDB8? 8: <? CE<GAB8? <DA ?EI;BI<=Q;<! 3< AC=?D9:A<:C ;=CI<F<?A Q=?9< <DA :AB;BDE
=K< :? >8?AB8??<F<?A =:L >CER:<?<D GC8N<D 9< <;;< 9< ;= CED8?=?<! * < G8B?A 9<
>8?AB8??<F<?AT ;= G=CAB< BF=IB?=BC< 9< ;MBFGE9=?< E;<ACBR:< 9: AC=?D9:A<:C <DA GC8N<
9< WEC8! *B?DBT ;= GC<DDB8? <A ;< 8:C=?A G<:K<?A XAC< 8?DB9ECED <? GN=D<!
(=?D ;<D F<D:C<D GCED<?AE<D Y ;= Z? 9< < N=GBAC<T ;= >8?AB8? 9< AC=?D><CA <DA GCBD
<? 8FGA< G8:C ;= 9EA<CFB?=AB8? 9< ;M=AAE?:=AB8? G8:C ;<D C=BD8?D B?K8R:E<D BH9<DD:D! 3=
GC8E9:C< 9< =;BQC=AB8? <DA ?E<DD=BC< G8:C 9EA<CFB?<C ;<D GC<DDB8?D EFBD<D <A C<[:<D!
\\]
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
 !"!" #$%$&'($ )*+ ,-)*+ .%(&/+,-,&*+
36 789:;8 <=;8?8 <8 @6 AB698 <89 C:;6D?9 <8 9C;?=8 A8;78? <8 9:=E;8 @FGEC@:?=CD <8
@6 G@G;=?G 76=9 6:99= <8 CDD6H?;8 96 E6@8:; 6I9C@:8! (6D9 8 A6;6J;6AB8K @6 789:;8 <8 @6
G@G;=?G <89 CD<89 :@?;69CDC;89 <6D9 @89 76?G;=6:L 9C@MJ8@ 6E8 :D ?6:L <FBN<;C@N98 h = 4
 ! #!$% &' ('!$% )#$* +,#-% '- )#-+,#- &' ( +'*./$ +!$' &' #-%,0-' '%+ /+!&,/1 2 -% !-
.$'*,'$ +'*.%3 (' #*.#$+'*'-+ &' ( /(/$,+/ &'% #-&'% '%+ &/$,+ .#!$ !-' +'*./$ +!$' &'
#-%,0-' &#--/'1 4.$5%  6#,$ *#-+$/ ( $/./+ 7,(,+/ &' ( *'%!$'3 ('% $/%!(+ +% &' (8/+!&' '-
)#-+,#- &' ( +'*./$ +!$' &' #-%,0-' %#-+ .$/%'-+/%1 9(% .'$*'++'-+ &8':+$ ,$' !- +'*.%
 $ +/$,%+,;!' (,/ < ( %+$!+!$ +,#- &! * +/$, !1
= >0!$' ?1@ *#-+$' (' #*.#$+'*'-+ &' ( /(/$,+/ &'% #-&'% !(+$ %#-#$'% & -% !-
* +/$, ! %#(A0'( '- )#$* +,#-  6' !-' +'*./$ +!$' &' #-%,0-' &' 23oB1
0 50 100 150
1170
1180
1190
1200
1210
1220
1230
1240
Temps (min)
C
é
lé
ri
té
 (
m
/s
)
23
o
C
t
vs
t
cel
 !"#$% ?1@ C B/(/$,+/ &'% #-&'% !(+$ %#-#$'% '+ %#-  D!%+'*'-+ *'%!$/% & -% !- * +/$, !
%#(A0'( +E.' FGHI  6' !- + !: &8JE&$#(E%' &' 4 .#!$ !-' +'*./$ +!$' &' #-%,0-' &'
23oB1
=' #*.#$+'*'-+ &' ( /(/$,+/ '%+ $'(,/ < &'!: .J/-#*5-'% ;!, %#-+ (8/6#(!+,#- &'
( +'*./$ +!$'  ! %',- &! * +/$, ! '+ ( )#$* +,#- &! $/%' ! * $#*#(/!( ,$'1 =#$% &'%
.$'*,'$% ,-%+ -+% &' ( $/ +,#-3 ( /(/$,+/ &/$#K+ $ .,&'*'-+1 B' .J/-#*5-' '%+ 7' !#!.
.(!% 6,%,7(' %!$ ('% #!$7'% &' /(/$,+/ & -% ('  % &'% 7 %%'% +'*./$ +!$'% &' #-%,0-'  $
LLL
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
67 897;<=> ?@; 876?>;<?! )A<@B 67 9698<;9 C<D<>A? E8=F8?@@<G?D?>; E=A8 7;;?<>C8? A>? G76?A8
6<D<;?! 37 9698<;9 7 A>? C98=<@@7>? 6=F78<;HD<IA? =DE787J6? K ?66? C? 67 ;?DE987;A8?!
3? EH9>=DL>? 6<9 K 67 M=8D7;<=> CA 89@?7A D78=D=69A67<8? M7<; 7EE787N; A>? 7>=D76<?
C? =DE=8;?D?>; @A8 67 9698<;9 6=76<@9? E78 67 OLH? >=<8 @A8 67 PFA8?  !Q! 3? ;?DE@ C?
F96<P7;<=> C9;?8D<>9 E78 67 D9;H=C? C? 8H9=6=F<? A6;87@=>=8? ?@; <>C<IA9 E78 67 D78IA?
G?8;<76? ?> E=<>;<669!
37 M=8;? 7AFD?>;7;<=> C?@ E8?D<?8@ <>@;7>;@ @R?SE6<IA? E78 67 >7;A8? ?S=;H?8D<IA? C?@
C?AS 897;<=>@ K 67 J7@? C? 67 M=8D7;<=> CA D7;98<7A @=6TF?6! -?E?>C7>;B 6? =DE=8;?D?>;
C? 67 9698<;9 ?@; 7A@@< 6<9 K 67 @;8A;A87;<=> CA D7;98<7A CA87>; 67 897;<=> C? F96<P7;<=>!
*P> C? D?;;8? ?> 9G<C?>? 67 @AE?8E=@<;<=> C?@ ?U?;@ C? 67 ;?DE987;A8? ?; C? 67 @;8A;A87T
;<=> CA D7;98<7AB 6? =DE=8;?D?>; C98=<@@7>; D=>=;=>? C? 67 =A8J? C? 9698<;9 ?@; 7VA@;9
E78 87EE=8; K A>? ?SE=>?>;<?66? C98=<@@7>;?  ! "# E8=E=8;<=>>?66? K 67 C98=<@@7>? C? 67
;?DE987;A8? 7A @?<> CA D7;98<7A! -?; 7VA@;?D?>; ?@; @=A@;87<; K 67 D?@A8? C? 67 9698<;9
7P> C? M7<8? 7EE787N;8? 6?@ G78<7;<=>@ C? 67 9698<;9 6<9?@ K 67 897;<=> C? F96<P7;<=>! 37
@=A@;87;<=> ?>;8? 67 D?@A8? C? 67 9698<;9 ?; @=> 7VA@;?D?>; ?@; C<@E=><J6? ?> PFA8?  !W!
0 50 100 150
−2
−1.5
−1
−0.5
0
0.5
1
1.5
2
Temps (min)
∆ 
c
 (
m
/s
)
t
cel
t
vs
23
o
C
 !"#$%  !W X Y78<7;<=>@ C? 67 9698<;9 =DE?>@9?@ ?> ;?DE987;A8? C7>@ A> D7;98<7A @=6TF?6
;ZE? ,#.% 7G? A> ;7AS CRHZC8=6Z@? 9F76? K 4 E=A8 A>? ;?DE987;A8? C? =>@<F>? C? 23o-!
37 @=A@;87;<=> C? 67 D?@A8? C? 67 9698<;9 7G? @=> 7VA@;?D?>; 6<D<;? 6R<>OA?>? C? 67
[[\
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
6789:;<6=;7 >7 ?< 87@=;7 76 97;876 >7 8A7=B C<A;7 <99<;<D6;7 ?7@ E<;A<6AFG@ @6;A6787G6
?A:7@ I ?< @6;=6=;<6AFG >= 8<6:;A<= JKL=;7  !MN! *;OA6;<A;787G6P ?7 6789@ <;<6:;A@6AQ=7
?A: I ?< @6;=6=;<6AFG >= 8<6:;A<= 7@6 >:KGA 9<; ?7 9<@@<L7 I R:;F >7 ?< F=;O7 >7 ?<
:?:;A6: F897G@:7 7G 6789:;<6=;7! -7 6789@ <;<6:;A@6AQ=7 7B6;<A6 >= F89F;6787G6 >7
?< :?:;A6: 7@6 GF6: tcel! (<G@ ?7 <@ >7 ?< 87@=;7 >7 ?< :?:;A6: >7@ FG>7@ =?6;<@FGF;7@ 9F=;
=G 8<6:;A<= @F?SL7? <E7 =G 6<=B >TUV>;F?V@7 :L<? I 4 76 =G7 6789:;<6=;7 >7 FG@ALG7
>7 23o-P ?< F897G@<6AFG 7G 6789:;<6=;7 C<A6 <99<;<D6;7 =G 6789@ <;<6:;A@6AQ=7 >7 44
8AG=67@!
0 50 100 150
1170
1175
1180
1185
1190
1195
1200
1205
1210
1215
1220
1225
Temps(min)
C
é
lé
ri
té
 (
m
/s
)
23
o
C
t
cel
t
vs
 !"#$%  !W X (7=B 87@=;7@ >7 ?< :?:;A6: >7@ FG>7@ =?6;<@FGF;7@ ><G@ =G 8<6:;A<= @F?SL7?
6V97 ,#.% <E7 =G 6<=B >TUV>;F?V@7 >7 4 9F=; >7@ FG>A6AFG@ >7 6789:;<6=;7 >7 FG@ALG7
A>7G6AQ=7!
3< KL=;7  !W 8FG6;7 >7=B @=AEA@ >7 :?:;A6: <= F=;@ >7 ?< CF;8<6AFG >= 8<6:;A<= @F?S
L7? 6V97 ,#.% <E7 =G 6<=B >TUV>;F?V@7 :L<? I 4 9F=; >7@ FG>A6AFG@ >7 6789:;<6=;7
>7 FG@ALG7 A>7G6AQ=7 @FA6 23o-! -7667 KL=;7 8FG6;7 ?< ;:9:6<OA?A6: >= F89F;6787G6 >7@
87@=;7@ >7 ?< :?:;A6: >7@ FG>7@ =?6;<@FGF;7@ ><G@ =G 8<6:;A<= @F?SL7?! 37 F89F;6787G6
>7 ?< :?:;A6: 7@6 A>7G6AQ=7! &G :<;6 7G6;7 ?7@ >7=B 7B9:;A7G7@ <99<;<D6 76 7@6 :E<?=: I
2 8@−1! -76 :<;6 >7 87@=;7 7G6;7 >7=B 7B9:;A7G7@ ;79;:@7G67 =G7 7;;7=; >7 0, 2% @=;
?< E<?7=; AGA6A<?7 >7 ?< :?:;A6: >7@ FG>7@ =?6;<@FGF;7@ ><G@ ?7 8<6:;A<= @F?SL7?! (<G@ ?7@
>7=B 7B9:;A7G7@P ?7 6789@ <;<6:;A@6AQ=7 ?A: I ?< @6;=6=;<6AFG >= 8<6:;A<= 7B6;<A6 >7@
YY"
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
789:;< =; >? @>@9AB@ ;<B A=;CBAD8; E789 >;< =;8F G;<89;< ;B =7CC; 44 GAC8B;<! 3; B;GE<
?9?B@9A<BAD8; ;<B AA AC=AD8@ E?9 >; HIJ; :>;8 <89 >? KL89;  !M! 3? G?9D8; N;9BA?>; ;C
E7ACBA>>@; C7A9 AC=AD8; >; B;GE< ?9?B@9A<BAD8; A<<8 =;< G;<89;< E?9 9@<7C?B;89 O D8?9BP!
3? @>@9AB@ ?8 789< =; >? Q79G?BA7C =8 G?B@9A?8 <7>RL;> ? @B@ G;<89@; E789 =AS@9;CB;<
B;GE@9?B89;< =; 7C<ALC;! 3;< 9@<8>B?B< <7CB 9;E79B@< <89 >? KL89;  !TU!
0 50 100 150
1120
1140
1160
1180
1200
1220
1240
Time (min)
P
h
a
s
e
 v
e
lo
c
it
y
 (
m
/s
) 17
o
C
23
o
C
25
o
C
30
o
C
 !"#$%  !TU V #;<89;< =; >? @>@9AB@ =;< 7C=;< 8>B9?<7C79;< =?C< 8C G?B@9A?8 <7>RL;> BWE;
,#.% ?N; 8C B?8F =XJW=97>W<; =; 4 E789 =AS@9;CB;< B;GE@9?B89;< =; 7C<ALC;!
3? @>@9AB@ =@97YB =89?CB >; Q79G?BA7C =8 G?B@9A?8 <7>RL;>! 3X@?9B ;CB9; >? @>@9AB@
ACABA?>; ;B KC?>; ;<B E>8< L9?C= E789 >;< B;GE@9?B89;< @>;N@;<! 3? @>@9AB@ =;< 7C=;< 8>B9?<7R
C79;< =@E;C= =; >? B;GE@9?B89; =; 7C<ALC; =8 G?B@9A?8! ,WEAD8;G;CB E789 8C G?B@9A?8
<7>RL;> ?N; 8C; B;GE@9?B89; =; 7C<ALC; =; 17o-Z >? @>@9AB@ =?C< >;< E9;GA;9< AC<B?CB< ;<B
=; 1234G<−1 ;B <;8>;G;CB =; 1174G<−1 E789 30o-!
(; >? G[G; Q?\7C D8; E789 >? @>@9AB@ =;< 7C=;< 8>B9?<7C79;< E789 >; G?B@9A?8 <7>R
L;> ?N; 8C; B;GE@9?B89; =; 7C<ALC; =; 23o-Z >? @>@9AB@ 7GE;C<@; ;C B;GE@9?B89; ?
@B@ ;S;B8@; <89 >X;C<;G:>; =;< G;<89;< =; @>@9AB@ E789 =AS@9;CB;< B;GE@9?B89;<! (;<
789:;< =; @>@9AB@ 7GE;C<@; ;C B;GE@9?B89; ]KL89;  !TT^Z 8C B;GE< ?9?B@9A<BAD8; >A@ O
>? <B98B89?BA7C =8 G?B@9A?8 <7>RL;> ;<B ;FB9?AB =; >X;C<;G:>; =;< G;<89;< E789 >;< =AS@9;CB;<
B;GE@9?B89;< =; 7C<ALC;!
TT 
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
0 50 100 150
−2.5
−2
−1.5
−1
−0.5
0
0.5
1
1.5
2
2.5
3
Time (m/s)
∆ 
c
 (
m
/s
)
30
o
 C
25
o
 C
23
o
 C
17
o
 C
 !"#$%  !66 7 89:;9<;=>? @A B9 DBD:;<D =EFA>?DA? A> <AEFD:9<G:A @9>? G> E9<D:;9G ?=BHIAB
<JFA ,#.% 9KA G> <9GL @MNJ@:=BJ?A @A 4 F=G: @;OD:A><A? <AEFD:9<G:A? @A =>?;I>A!
3A? :D?GB<9<? AL<:9;A>< @A? EA?G:A? @A B9 DBD:;<D ?=>< F:D?A><D? @9>? BA <9PBA9G  !6 A<
?=>< @;?G<D? @9>? BA F9:9I:9FNA ?G;K9><!
 !"! #$$%&'($)*& +,- *&+,- '.$/(-*&*/,-
3M9<<D>G9<;=> @A? =>@A? GB<:9?=>=:A? @9>? BA E9<D:;9G ?=BHIAB 9KA G> <9GL @MNJ@:=BJ?A
h = 4 9G =G:? @A ?9 Q=:E9<;=> A?< D<G@;DA A> Q=><;=> @A B9 <AEFD:9<G:A @A =>?;I>A! $>
Q9;?9>< K9:;A: B9 <AEFD:9<G:A @A =>?;I>A F=G: BA? @;OD:A><A? ALFD:;A>A?R >=G? NA:N=>?
S EA<<:A A> DK;@A>A @A? K9:;9<;=>? @A ;>D<;TGA @A B9 :D9<;=> Q=:E9>< BA E9<D:;9G! -A?
K9:;9<;=>? ?=>< =>>GA? A< @;?F=>;PBA? @9>? B9 B;<<D:9<G:A! (9>? G> F:AE;A: <AEF?R BA =EH
F=:<AEA>< @A BM9<<D>G9<;=> @A? =>@A? GB<:9?=>=:A? @9>? G> E9<D:;9G ?=BHIAB A?< @D:;< F=G:
G>A <AEFD:9<G:A @A =>?;I>A @A 25o-! )G;?R BA? :D?GB<9<? @A BMD<G@A A> <AEFD:9<G:A ?=><
ALF=?D?! 39 E;?A A> DK;@A>A @MG> <AEF? 9:9<D:;?<;TGA B;D S B9 Q=:E9<;=> @G E9<D:;9G
?=BHIAB FA:EA<<:9 @A BA =EF9:A: 9KA BA <AEF? @A IDB;U9<;=> ;??G @A B9 B;<<D:9<G:A!
39 K9BAG: @A BM9<<D>G9<;=> @9>? BA E;B;AG S BM;>?<9>< ;>;<;9B A?< @D<A:E;>DA F9: G>A
D<G@A F:DB;E;>9;:A 9KA G>A ED<N=@A =>KA><;=>>ABBA @A? =>@A? GB<:9?=>=:A? A> <:9>?E;?H
?;=>! -A<<A <AN>;TGA =>?;?<A S A>K=JA: G>A ;EFGB?;=> S <:9KA:? BA E9<D:;9G @MD<G@A F=G:
66V
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
6789 6:;<=>7; 67 @AB@=C=<:B>; 6:DEA7><7;! 3BA; 67 7<<7 6E<7AF:>=<:B> 67 G= H=G78A 67
GI=<<E>8=<:B> 6=>; G7 F:G:78 J GI:>;<=>< :>:<:=GK G7 F=<EA:=8 ;BGLC7G 7;< A7F@G=E @=A 8> FEL
G=>C7 :>7A<7 A7;@7<=>< G7; @AB@BA<:B>; 67; 7;@M7; N:F:O87; F:;7 7> P78 @B8A EH:<7A G=
CEG:Q=<:B> 68 F=<EA:=8 7< =:>;: @7AF7<<A7 G= F7;8A7 J 6789 6:;<=>7; 67 @AB@=C=<:B>! -7
FEG=>C7 7;< B>;<:<8E 6I7=8 7< 67 FE<N=>BG ;=>; G7 @A:>:@7 =<:R! 3= B>7><A=<:B> F=PBL
A:<=:A7 @B8A G= RBAF=<:B> 67 F=<EA:=89 ;BGLC7G <S@7 ,#.% 7;< 7GG7 68 FE<N=>BGK ;B:< 90%!
-7 FEG=>C7K J GI:F=C7 68 F=<EA:=8 ;BGLC7G =8 @A7F:7A :>;<=>< 67 G= AE=<:B>K A7;@7<7 G7;
HBG8F7; 6I7=8 7< 67 FE<N=>BG 8<:G:;E; @B8A G= RBAF=<:B> 68 F=<EA:=8 ;BGLC7G =H7 8> <=89
6INS6ABGS;7 EC=G J 4! *:>;:K G= H=G78A 67 GI=<<E>8=<:B> =8 @A7F:7A :>;<=>< 67 G= AE=<:B> H=8<
3, 0210−14 f25@TF! -7<<7 H=G78A 67 GI=<<E>8=<:B> :>:<:=G 68 F=<EA:=8 ;BGLC7G 7;< B>;:6EAE7
BFF7 :>6E@7>6=><7 67 G= <7F@EA=<8A7! 5B<B>; =8;;: O87 GI=<<E>8=<:B> 67; B>67; 8G<A=L
;B>BA7; @B8A 67; F=<EA:=89 ;BGLC7G J U=;7 67 ,#.% 7;< R=:UG7! 3I=<<E>8=<:B> :>:<:=G7 7;<
@ABN7 67 7GG7 67 GI7=8K 2, 5310−14 f2 5)TF!
(=>; G7 N=@:<A7 VK G7 @A:>:@7 67; F7;8A7; 8G<A=;B>BA7; G:>E=:A7; = E<E 6EA:<! 3I:F@BAL
<=>7 67 @A7>6A7 7> BF@<7 G= H=A:=<:B> 67 G= N=AC7 =B8;<:O87 @B8A G= 6E<7AF:>=<:B> 67
GI=<<E>8=<:B> 67; B>67; 8G<A=;B>BA7; 6W J GIEHBG8<:B> 68 F=<EA:=8 ;BGLC7G = E<E ;B8G:C>E7!
*:>;:K G= F7;8A7 67 GI=<<E>8=<:B> ;I7D7<87 7> 6789 <7F@; 1 GIEH=G8=<:B> 67 GI=<<E>8=<:B> J
@=A<:A 67; B8A=><; 67 ;BA<:7 @8:; G= @A:;7 7> BF@<7 67 G= =G:UA=<:B> 68 <A=>;68<78A @B8A
6E<7AF:>7A 67 G= H=G78A 67 GI=<<E>8=<:B>!
3= H=A:=<:B> CGBU=G7 67 GI=<<E>8=<:B> 67; B>67; 8G<A=;B>BA7; 7> RB><:B> 68 <7F@; 7;<
@G8<< 6:Y:G7 J F7<<A7 7> B78HA7 687 J ;7; R=:UG7; H=A:=<:B>;! 37; 6:Y8G<E; 67 F7;8A7A
GI=<<E>8=<:B> AE;:67>< 6=>; G= 6E<7<:B> 67; R=:UG7; H=A:=<:B>; 67 GI=F@G:<867 67; B8A=><;
7< 67; <7>;:B>; 67 ;BA<:7 =89 UBA>7; 68 <A=>;68<78A! 3= 6E<7<:B> 67; =F@G:<867; 7;< 6EL
@7>6=><7 67 GI:>;<A8F7><=<:B> 8<:G:;E7! ZA[7 J >B; NB:9 <7N>BGBC:O87;K G7; H=A:=<:B>; 67
GI=<<E>8=<:B> ;B>< G=:A7F7>< H:;:UG7; \QC8A7  !]V^! 37 BF@BA<7F7>< 67 GIEHBG8<:B> =89
B8A; 68 <7F@; 67 G= F7;8A7 67 GI=<<E>8=<:B> S 7;< @AE;7><E @B8A 8> F=<EA:=8 7> RBAF=L
<:B> =H7 8>7 <7F@EA=<8A7 67 B>;:C>7 67 25o-! 3I=<<E>8=<:B> A7;<7 B>;<=><7 68A=>< G7;
@A7F:MA7; F:>8<7; 67 G= AE=<:B>! )8:; GI=<<E>8=<:B> AB_< A=@:67F7><! *@AM; 7<<7 UA8;O87
H=A:=<:B>K GI=<<E>8=<:B> =8CF7><7 G7><7F7>< 7< 67 R=`B> FB>B<B>7! * G= Q> 67 G= AE=<:B>K
8>7 6EAB:;;=>7 7;< BU;7AHE7!
]]a
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
0 50 100 150
0.12
0.125
0.13
0.135
0.14
0.145
0.15
0.155
0.16
Temps (min)
A
tt
é
n
u
a
ti
o
n
 (
N
p
/m
) 25oC
− t
vs
− t
att
 !"#$%  !"# $ %&'()& *& +,-../0(-.120 *-0' (0 3-./)1-( '2+45&+ .67& 8%9: -;& (0 .-(=
*,>6*)2+6'& /5-+ ? 4 -( 2()' *& '- @2)3-.120 72() (0& .&37/)-.()& *& 20'150& *& 25oA!
B& 2372).&3&0. *& +,-../0(-.120 ',&=7+1C(& 7-) +&' .)-0'@2)3-.120' 7>6'124>131C(&'
)/-+1'/&' -( '&10 *( 3-./)1-(! D0 &E&.F +2)' *( 3/+-05& *&' *&(= )/-.1@'F +&' *&(= )/-.120'
>131C(&' */G(.&0. &. @2)3&0. *& 7&.1.' -5)/5-.' *& 3-)232+/(+&'! H( 7)&31&)' 10'.-0.'
*& +- )/-.120F &' 7&.1.' -3-' 3-)232+/(+-1)&' 0& '&3G+&0. 7-' I.)& -''&J *&0'& 72() I.)&
;1'1G+& '() +&' 2()G&' *,-../0(-.120! H( 2()' *& +- )/-.120F +,-)21''&3&0. *( 023G)&
&. *& +- .-1++& *&' -3-' *& 3-)232+/(+&' @20. )2K.)& +,-../0(-.120 *( 3-./)1-(! L0&
-(53&0.-.120 *& +,-../0(-.120 '&3G+& I.)& *1)&.&3&0. +1/ ? +- '.)(.()-.120 *( 3-./)1-(!
H 7-).1) *& +- 32eme 310(.& *& +- @2)3-.120 *( 3-./)1-( '2+45&+ 72() (0& .&37/)-.()& *&
20'150& *& 25oAF (0& G)('C(& -(53&0.-.120 *,-../0(-.120 &'. +-1)&3&0. ;1'1G+&! M-0' &
5&0)& *& 3-./)1-( '2+45&+F +& )/'&-( 3-)232+/(+-1)& &'. @2)3/ ? 75% C(&+C(&' 310(.&'
-7)N' +& .&37' *& 5/+1O-.120! A& C(1 2))&'720* ? +- G)('C(& -(53&0.-.120 7(1' ? +-
)21''-0& 7)25)&''1;& *& +,-../0(-.120 72() +&' 25% *( )&'&-( 3-)232+/(+-1)& ? @2)3&)!
H( &0;1)20 *& 120 310(.&'F (0& */)21''-0& *& +,-../0(-.120 -77-)-K.! D++& ',&=7+1C(&0.
7-) +& ;1&1++1''&3&0. *( 3-./)1-( -(.)&3&0. -77&+/ '60/)N'&!
B- 3-)C(& ;&).1-+& &0 7210.1++/& '() +- O5()&  !"# 10*1C(& +& .&37' *& 5/+1O-.120 1''(
*& +- 3&'()& *& )/'20-0& ? C(-).J 72() (0 3-./)1-( '2+45&+ -;& (0 .-(= *,>6*)2+6'&
""P
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
6h = 47 8 9:; <;=>?@A<9@; B; D:EFG:; FB;:<FH9; 8 :D<@; =;E9@; 625o-7! 3A IA@FA<FD:
J@9EH9; B; KLA<<?:9A<FD: D:D@B; AI; K; <;=>E B; G?KFMA<FD: =;E9@? >A@ KA @N?DKDGF;
9K<@AED:D@; 8 25o- H9F ;E< B; 32 =F:9<;E!
3; <;=>E B; G?KFMA<FD: ;E< B?M:F D==; KLF:E<A:< DO 9:; NAP:; =A@D=DK?9KAF@;
@;KF; K;E ;Q<@?=F<?E B9 @?F>F;:<R E; <@AB9FEA:< >A@ KLF:E<A:< B; <@A:EF<FD: ;:<@; KA >NAE; EDK
6KFH9FB;7 ;< KA >NAE; G;K 6EDKFB;7! -; NA:G;=;:< B; D=>D@<;=;:< ;E< IFEFJK; E9@ KL?IDK9<FD:
B; KLA<<?:9A<FD: ;: SD:<FD: B; KA SD@=A<FD: B9 =A<?@FA9! $: E; JAEA:< E9@ K;E B?M:F<FD:E B;E
BFT?@;:<E <;=>E A@A<?@FEA:< KA G?KFMA<FD: B; ;E =A<?@FA9QR 9: <;=>E A@A<?@FE<FH9; E;
B?GAG; B9 D=>D@<;=;:< B; KLA<<?:9A<FD:! 3; <;=>E A@A<?@FE<FH9; ;Q<@AF< B; ; >A@A=U<@;
;E< B?M:F >A@ KLF:E<A:< DO KLA<<?:9A<FD: A9G=;:<; J@9<AK;=;:<! -; <;=>E A@A<?@FE<FH9;
;Q<@AF< B9 D=>D@<;=;:< B; KLA<<?:9A<FD: ;E< :D==? tatt! )D9@ K; =A<?@FA9 EDKVG;K ;:
SD@=A<FD: AI; 9:; <;=>?@A<9@; B; D:EFG:; B; 25o-R K; <;=>E A@A<?@FE<FH9;R tattR ;E< B;
32 =F:9<;E!
*M: B; =;<<@; ;: ?IFB;:; KA F:?<FH9; B; KA E<@9<9@A<FD: B9 =A<?@FA9R 9:; ?<9B; ;:
SD:<FD: B; KA <;=>?@A<9@; B; D:EFG:; ;E< =;:?;! -;E =;E9@;E >;@=;<<;:< B; D:M@=;@
K; D=>D@<;=;:< B; KLA<<?:9A<FD: B9 =A<?@FA9 ;: ?IDK9<FD:! 3;E =;E9@;E B; KLA<<?:9A<FD:
>D9@ 9: =A<?@FA9 EDKVG;K AI; 9: <A9Q BLNWB@DKWE; ?GAK; 8 4 ;: SD:<FD: B; KA <;=>?@A<9@;
B; D:EFG:; ED:< @;>D@<?;E E9@ K; MG9@;  !X"! $KK;E SD:< A>>A@AP<@; >D9@ KL;:E;=JK; B;E
;Q>?@F;:;E =;:?;E 9:; J@9EH9; A9G=;:<A<FD: E9@ KL;:E;=JK; B;E D9@J;E BLA<<?:9A<FD: !
(;9Q YD:;ER E?>A@?;E >A@ KA J@9EH9; IA@FA<FD: B; KLA<<?:9A<FD:R >;9I;:< Z<@; FB;:<FM?;!
$: ;T;<R B9@A:< K;E >@;=F;@E F:E<A:<ER KLA<<?:9A<FD: @;E<; D:E<A:<; ;< E<AJK; A9<D9@ BL9:;
IAK;9@ >@DN; B; KA IAK;9@ B; KLA<<?:9A<FD: F:F<FAK;! )9FE 9:; A9G=;:<A<FD: J@9<AK; B; KLA<V
<?:9A<FD: A>>A@AP<! *>@UE ;<<; A9G=;:<A<FD: J@9<AK;R KLA<<?:9A<FD: @DP< >@DG@;EEFI;=;:<
;< K;:<;=;:<! %9@ KA =;E9@; B; KLA<<?:9A<FD: 8 9:; <;=>?@A<9@; B; D:EFG:; B; 30o-R 9:;
B?@DFEEA:; A>>A@AP< E9@ K; D=>D@<;=;:< B; KLA<<?:9A<FD:! -; >N?:D=U:; A>>A@AP< JF;:
>K9E <A@B 68 170 =F:9<;E7 >D9@ K; =;E9@; 8 9:; <;=>?@A<9@; B; D:EFG:; B; 17o-! -;
D=>D@<;=;:< ;E< 8 @A>>@DN;@ B; KA M: B; KA @?A<FD: ;< B; KA B?G?:?@;E;:; B9 G;K!
3A IA@FA<FD: B; KLA<<?:9A<FD: B;E D:B;E 9K<@AED:D@;E B?>;:B KAF@;=;:< B; KA <;=>?@AV
<9@; B; D:EFG:; BA:E KAH9;KK; ;E< >KD:G?; K; =A<?@FA9! -;<<; <;=>?@A<9@; A 9:; F:[9;:;
E9@ KA IF<;EE; B; KA @?A<FD:! %9FIA:< KA <;=>?@A<9@; B; D:EFG:;R KA IA@FA<FD: B; KLA<<?V
XX\
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
0 50 100 150
0.11
0.115
0.12
0.125
0.13
0.135
0.14
0.145
0.15
0.155
0.16
Temps (min)
A
tt
é
n
u
a
ti
o
n
 (
N
p
/m
)
17
o
C
23
o
C
25
o
C
30
o
C
− t
vs
− t
att
 !"#$%  !6" 7 #89:;89 <8 =>?@@AB:?@CDB ?: D:;9 <: @8FG9 <?B9 :B F?@A;C?: 9D=HI8= @JG8
,#.% ?K8 :B @?:L <>MJ<;D=J98 AI?=8 N 4 GD:; <COA;8B@89 @8FGA;?@:;89 <8 DB9CIB8!
B:?@CDB 89@ G=:9 D: FDCB9 CFGD;@?B@8! )=:9 =? @8FGA;?@:;8 <8 DB9CIB8 89@ A=8KA8P G=:9 =89
K?;C?@CDB9 <8 =>?@@AB:?@CDB <89 DB<89 :=@;?9DBD;89 9DB@ CFGD;@?B@89!
*CB9CP =89 F89:;89 <8 =>?@@AB:?@CDB <89 DB<89 :=@;?9DBD;89 <?B9 =8 F?@A;C?: 9D=HI8= @JG8
,#.% ?K8 :B @?:L <>MJ<;D=J98 <8 4 DB@ G8;FC9 <8 F8@@;8 8B AKC<8B8 Q:8 =8 DFGD;H
@8F8B@ <8 =>?@@AB:?@CDB ;8RA@?C@ =? CBA@CQ:8 <8 =? 9@;:@:;?@CDB <: F?@A;C?:! &B @8FG9
?;?@A;C9@CQ:8 ? A@A C<8B@CSA!
 !"!# $%&%'()&* +,+ -.+/%.&*
(?B9 =8 G?;?I;?GM8 T!"P C= ? A@A FC9 8B AKC<8B8 Q:8 =8 G?;?FU@;8 BDB =CBA?C;8 F89:;A 8B
AFC99CDBH;A8G@CDB 9>8LG;CF8 8B VDB@CDB <89 G?;?FU@;89 =CBA?C;89 WA=A;C@AP ?@@AB:?@CDBXP
<8 =? <CO;?@CDBP <: D8YC8B@ <8 ;AR8@CDB 8@ <89 G;899CDB9 VDB<?F8B@?=89 AFC989 8@ M?;H
FDBCQ:89 ;8Z:89! *SB <8 <A@8;FCB8; =89 <COA;8B@89 G;899CDB9 AFC989 8@ ;8Z:89 ?: 98CB <:
F?@A;C?:P :B8 G;DA<:;8 <8 ?=C[;?@CDB 89@ BA899?C;8! *CB9CP 8B ?99DC?B@ =? G;DA<:;8 <8
?=C[;?@CDB ?:L F89:;89 <8 D:;?B@9 8@ <8 @8B9CDB9 <>8B@;A8 8@ <8 9D;@C8 ?:L [D;B89 <:
@;?B9<:@8:;P =>8B98F[=8 <89 G;899CDB9 AFC989 8@ ;8Z:89 G8:K8B@ \@;8 <A@8;FCBA89 ?:L D:;9
<8 =>AKD=:@CDB <: F?@A;C?:! *CB9CP =8 G?;?FU@;8 BDB =CBA?C;8 89@ <A<:C@ I;]8 ?:L G;899CDB9
66^
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
6789:;<=>?@ ABC?89<;B?@ D E78C<8 A? F7 AB:9E:@<C<:; ?; @:99? A? H7>@@<?;;?! 3IBJ:F>C<:;
A> E7879KC8? ;:; F<;B7<8? ?@C >;? A?@ E8B:>E7C<:;@ A? FIBC>A? 97<@ <F ;? L7>C E7@ :>MF<?8
=>? F7 J7F?>8 7M@:F>? A> E7879KC8? ?@C << ABC?89<;B?! -?CC? J7F?>8 AB:>F? A? FI?;@?9MF?
A?@ 9?@>8?@ E8BBA?99?;C <CB?@!
(7;@ ? E787H87E6?N F?@ 9?@>8?@ A> E7879KC8? ;:; F<;B7<8? A7;@ F?@ 97CB8<7>O @:FPH?F 7>
:>8@ A? F?>8 L:897C<:; @:;C 9<@?@ ?; 7J7;C! (? F7 9Q9? L7R:; =>? E:>8 FI7CCB;>7C<:; ?C F7
BFB8<CB A?@ :;A?@ >FC87@:;:8?@N F? :9E:8C?9?;C A> E7879KC8? ;:; F<;B7<8? ?@C AB8<C E:>8
>;? C?9EB87C>8? A? :;@<H;? A? 23o-! (? ? :9E:8C?9?;CN >; C?9E@ F<B D F7 <;BC<=>? A?
F7 @C8>C>87C<:; ?@C <@:FB! )><@N >;? BC>A? ?; L:;C<:; A? F7 C?9EB87C>8? ?@C 8B7F<@B?N ?C F?@
8B@>FC7C@ @:;C 7;7FS@B@ ?C :9E78B@ D ?>O A? F7 F<CCB87C>8?!
3IBJ:F>C<:; A> E7879KC8? ;:; F<;B7<8? 7> :>8@ A? F7 L:897C<:; A> 97CB8<7> ?@C AB8<C?
E:>8 >;? C?9EB87C>8? A? :;@<H;? A? 23o- ?; TH>8?  !U !
0 50 100 150
6.42
6.44
6.46
6.48
6.5
6.52
6.54
Temps (min)
β 23oC
t
vs
 !"#$%  !U V #?@>8? A> E7879KC8? ;:; F<;B7<8? A7;@ >; 97CB8<7> @:FPH?F CSE? ,#.% 7J?
>; C7>O AI6SA8:FS@? BH7F D 4 7> :>8@ A? @7 L:897C<:; E:>8 >;? C?9EB87C>8? A? :;@<H;?
A? 23o-!
3:8@ AI>;? E8?9<K8? E67@? W<< X>@=>ID F7 32eme 9<;>C?YN F? E7879KC8? ;:; F<;B7<8?
E8B@?;C? A? H87;A? Z>C>7C<:;@ =>< E:>887<?;C QC8? F<B?@ 7> ABM>C A? F7 @C8>C>87C<:; A>
9<F<?>! 3?@ J7F?>8@ 9?@>8B?@ @:;C :9E8<@?@ ?;C8? 6, 44 ?C 6, 48! $;@><C?N >; E< 7EE787[C
U\]
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
67896 :; 25eme <=7>86 68 :; 48eme <=7>86! -6886 9;?=@6 ;>A<678;8=B7 @6 β ;886=7@ 6, 52
?>=C 96?967@ C; D;:6>9 @6 6, 44! $7E7F ;?9GC :; 48eme <=7>86F :6 B6I=678 7B7 :=7J;=96 9BK8
:=7J;=96<678 68 @6 L;MB7 <B7B8B76 ?;9 9;??B98 ;> 86<?C N>CO>PQ :; 120eme <=7>86!
36 ?9B6CC>C @P;A9JA;8=B7 @6C <;9B<B:J>:6C C6<R:6 ;??;9;K896 C>9 :6 B<?B986<678
@> ?;9;<G896 7B7 :=7J;=96! $7 6S68F :B9C @6C ?96<=69C =7C8;78CF :6C 9J;8=B7C T=<=O>6C
LB9<678 @6 ?68=8C ;<;C @6 <B:J>:6C! 36C D;9=;8=B7C @> ?;9;<G896 7B7 :=7J;=96 CP6U?:=O>678
?;9 :P;C?68 :JAG96<678 T;B8=O>6 @6 :; LB9<;8=B7 @> <;8J9=;> ;> B>9C @6 6C ?96<=69C
=7C8;78C VJDB:>8=B7 9;?=@6 @> <;8J9=;>W! 36 ?= C>9 :6 B<?B986<678 @> ?;9;<G896 7B7
:=7J;=96 @> <;8J9=;> CB:XA6: 6C8 B99J:J ;D6 :6 T;7A6<678 @6 ?T;C6 6U69J ;> C6=7 @>
<;8J9=;>! $7 6S68F :6 9JC6;> Q 6 C8;@6 @> ?9B6CC>C 6C8 LB9<J 67D=9B7 Q 75% 6U?:=O>;78 :6
?= @6 B<?B986<678 @> ?;9;<G896 7B7 :=7J;=96! *?9GC :; AJ:=E;8=B7 @> <;8J9=;> CB:XA6:F
:6 9JC6;> <;9B<B:J>:;=96 C6 @67C=E6 :6786<678!
*=7C=F >7 86<?C ;9;8J9=C8=O>6F tbetaF 6U89;=8 @> B<?B986<678 @> ?;9;<G896 7B7 :=X
7J;=96 67 LB78=B7 @> 86<?C ?6>8 Y896 =@678=EJ! 36 86<?C ;9;8J9=C8=O>6 6C8 @JE7= B<<6
:6 86<?C BZ :6 ?= 6C8 Q CB7 <;U=<><! (;7C :; EA>96  ![ F :6 86<?C ;9;8J9=C8=O>6 C6
=@678=EJ Q :; 40eme <=7>86!
36 B<?B986<678 @> ?;9;<G896C 7B7 :=7J;=96 67 LB78=B7 @6 :PJDB:>8=B7 @> <;8J9=;>
CB:XA6: 8\?6 ,#.% ;D6 >7 8;>U @PT\@9B:\C6 h = 4 6C8 9J?J8;R:6 67 LB78=B7 @6 :; 86<?JX
9;8>96 @6 B7C=A76! 3; EA>96  ![] <B7896 @6>U 6U?J9=676C ;\;78 :6C <Y<6C B7@=8=B7C @6
86<?J9;8>96 @6 B7C=A76 CB=8 23o-! 36 B<?B986<678 @6 6C @6>U <6C>96C CB78 =@678=O>6C
67896 6::6C! 5B8B7C 6?67@;78 O>P=: 6U=C86 >76 @=SJ9676 ;> 7=D6;> @6C D;:6>9C <;U=<;:6C
@> ?;9;<G896 7B7 :=7J;=96! 3PJ;98 96:;8=L 67896 :6C @6>U ?=C =@678=E;78 :6 86<?C ;9;8J9=CX
8=O>6 6C8 @6 0, 23%! -68 J;98 ?6>8 CP6U?:=O>69 ?;9 :; LB9<;8=B7 @> 9JC6;> <;9B<B:J>:;=96
67 6::6X<Y<6 O>= 76 ?967@ ?;C 6U;86<678 :6C <Y<6C T6<=7C! (6 6C @6>U 6U?J9=676CF
:6>9C 86<?C ;9;8J9=C8=O>6C CB78 96C?68=D6<678 @6 40 <=7>86C 68 @6 41 <=7>86C ?B>9 :6C
B>9R6C 67 R:6> 68 67 7B=9!
(6 :; <Y<6 L;MB7 O>6 ?B>9 :6C ?;9;<G896C :=7J;=96CF >76 J8>@6 67 86<?J9;8>96 ; J8J
6S68>J6! 3; EA>96  ![^ <B7896 :PJDB:>8=B7 @6 B<?B986<678 67896 :6C @=SJ9678C ?;9;<G896C
7B7 :=7J;=96 BR867>C ?B>9 :6 <Y<6 8\?6 @6 <;8J9=;> CB:XA6: ;D6 @=SJ96786C 86<?J9;8>96C
@6 B7C=A76! 3; D;:6>9 @> ?;9;<G896 7B7 :=7J;=96 ;> ?96<=69 =7C8;78 @6 :; 9J;8=B7 C6<R:6
[_[
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
0 50 100 150
6.42
6.44
6.46
6.48
6.5
6.52
6.54
Temps (min)
β 23oC
 !"#$%  !67 8 #9:;<9: =; >?<?@AB<9 CDC EFCG?F<9 =?C: ;C @?BG<F?; :DEHI9E BJ>9 ,#.%
?K9 ;C B?;M =NOJ=<DEJ:9 GI?E P 4 =?C: E9: @Q@9: DC=FBFDC: =9 B9@>G<?B;<9 =9 DC:FIC9
:DFB 23o-!
=G>9C=<9 =9 E? B9@>G<?B;<9 =9 DC:FIC9 P E?R;9EE9 9:B :B?SFEF:G E9 @?BG<F?; :DEHI9E!
0 50 100 150
5.4
5.6
5.8
6
6.2
6.4
6.6
6.8
Temps (min)
β
17
o
C
23
o
C
25
o
C
30
o
C
 !"#$%  !6T 8 #9:;<9: =; >?<?@AB<9 CDC EFCG?F<9 β ;C @?BG<F?; :DEHI9E BJ>9 ,#.% ?K9
;C B?;M =NOJ=<DEJ:9 GI?E P 4 >D;< =FUG<9CB9: B9@>G<?B;<9: =9 DC:FIC9!
6VV
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
(678 :;<:=>6;6?>@ ABC@ D AE >6;<C=E>7=6 @6 FCGEG6?> F6@ :7=H6@! )A7@ AE >6;<C=E>7=6
6@> HE@@6I <A7@ AJE;<AB>7F6 F7 <B 6@> CA6KC! $?>=EL?E?> <:7= AE :7=H6 F7 <E=E;M>=6 ?:?
AB?CEB=6 F7 ;E>C=BE7 @:ANG6A D 7?6 >6;<C=E>7=6 F6 :?@BG?6 F6 30o-I 7? <B @6?@BHA6;6?>
:?O:?F7 FE?@ A6@ KE=BE>B:?@ F7 <=6;B6= B?@>E?>! (E?@ AE >=:B@BM;6 P:?6 :Q A6 <E=E;M>=6 ?:?
AB?CEB=6 =:L> A6?>6;6?> 6> F6 OER:? ;:?:>:?6I AE <6?>6 6@> <A7@ O:=>6 <:7= A6@ >6;<C=E>7=6@
F6 :?@BG?6 A6@ <A7@ CA6KC6@! -6@ F678 <SC?:;M?6@ @J68<ABT76?> <E= AE B?C>BT76 F6 AE
@>=7>7=E>B:? F7 ;E>C=BE7! $? 6U6>I <:7= A6@ >6;<C=E>7=6@ <A7@ CA6KC6@I AE @>=7>7=E>B:? F7
;E>C=BE7 KE V>=6 <A7@ =E<BF6! *B?@BI AE <=6;BM=6 SEL?6 ;E=:;:AC7AEB=6 KE V>=6 6?>:7=C6 F6
<6>B> E;E@ T7B K:?> @6 F6?@BW6= =E<BF6;6?>! %:B> 7?6 OEBHA6 E;<AB>7F6 F7 <B @6 >=EF7B@E?>
<E= 7?6 SEL?6 EK6 7? ;BAB67 :?>6?E?> F6 <6>B>@ E;E@ F6 ;E=:;:AC7A6@! #EB@ AE =CE>B:?
C>E?> <A7@ =E<BF6 A6@ E;E@ F6 ;E=:;:AC7A6@ F6KB6??6?> <A7@ KB>6 <A7@ B;<:=>E?>@ O:=;E?>
7?6 =:B@@E?6 F7 <E=E;M>=6 ?:? AB?CEB=6 E<=M@ GCABWE>B:? <A7@ G=E?F6! * AJB?K6=@6 T7E?F
AE >6;<C=E>7=6 6@> <A7@ OEBHA6I AE =CE>B:? 6@> <A7@ A6?>6I A6@ E;E@ F6 ;E=:;:AC7A6@ @:?>
<A7@ G=:@ EKE?> T76 AE <=6;BM=6 SEL?6 F6 ;E=:;:AC7A6@ @:B> O:=;C! &?6 O:B@ T7J6AA6 68B@>6
A6@ E;E@ F6 ;E=:;:AC7A6@ <A7@ F6?@6 K:?> =E<BF6;6?> O:=;6= A6 =C@6E7! (J:Q AJE;<AB>7F6
F7 <B <A7@ B;<:=>E?>! 3E =:B@@E?6 6@> F:? ;:B?@ B;<:=>E?>6 T7JEK6 A6@ >6;<C=E>7=6@
<A7@ CA6KC6@ E= A6 =C@6E7 6@> FCXD >:>EA6;6?> O:=;C!
%7= AE WG7=6  !YZ 6@> =6<:=>C6 <E= 7?6 ;E=T76 K6=>BEA6 6? <:B?>BAAC AE KEA67= F7 >6;<@ F6
GCABWE>B:? ;6@7=C <E= =C@:?E>67= D T7E=>P <:7= F6@ ;E>C=BE78 6> F6@ :?FB>B:?@ BF6?>BT76@!
&?6 :?:=FE?6 68B@>6 6?>=6 A6 >6;<@ :==6@<:?FE?> E78 ;E8B;E F6@ <B@ 6> E78 >6;<@
F6 GCABWE>B:? B@@7@ F6 AE AB>>C=E>7=6! &?6 :;<E=EB@:? F6@ FBUC=6?>@ >6;<@ E=E>C=B@>BT76@
6@> 6U6>7C6 E7 <E=EG=E<S6 @7BKE?>!
Y["
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
 !"!# $%&'( *+*,-+.(,./0%( %1,+*.,( 2%( '*+*&3,+%( *40(,./0%(
(678 9:8 ;<=>8 ?<@@B:7;8 ?6<6C<6?D:8E F7 ;:G?8 6<6;@<>8;>HF: B: 96 8;<F;F<6;>=7
BF G6;@<>6F 6 @;@ >B:7;>I@ 8F< 9:8 G:8F<:8 B: 96 @9@<>;@E B: 9J6;;@7F6;>=7 6>78> HF: BF
?6<6GK;<: 7=7 9>7@6><:! (678 96 9>;;@<6;F<:E 9: =G?=<;:G:7; BF ;:G?8 B: C@9>I6;>=7 :7
L=7;>=7 B: 96 ;:G?@<6;F<: 6 @;@ M ?9F8>:F<8 <:?<>8:8! *I7 B: N@<>I:< HF: 7=8 ;<=>8 ;:G?8
6<6;@<>8;>HF:8 8=7; 9>@8 M 96 8;<F;F<6;>=7 BF G6;@<>6FE >98 8=7; =G?6<@8 6N: :FO B: 96
9>;;@<6;F<:!
(678 9: ;6P9:6F >QB:88=F8E 9:8 ;:G?8 6<6;@<>8;>HF:8 >88F8 B: 96 G:8F<: B: 96 @9@<>;@
RtcelSE B: 9J6;;@7F6;>=7 B:8 =7B:8 F9;<68=7=<:8 RtattS :; BF ?6<6GK;<: 7=7 9>7@6><: 8=7;
=76;@7@8 RtβS! 3:8 N69:F<8 B:8 ;:G?8 6<6;@<>8;>HF:8 :O;<6>;8 B:8 ;<=>8 B>T@<:7;:8 G:8F<:8
8=7; =G?6<6P9:8 :7;<: :99:8! 3:8 ;:G?8 6<6;@<>8;>HF:8 >88F:8 B:8 G:8F<:8 B: 96 @9@<>;@
8: <@NK9:7; 9@CK<:G:7; ?9F8 C<67B8 =G?6<@8 6FO B:FO 6F;<:8 G:8F<:8! 3J@6<; <:96;>L :7;<:
9:8 ;:G?8 6<6;@<>8;>HF:8 :8; B: 9J=<B<: B: 20%!
 !"#$  !U V ,:G?8 6<6;@<>8;>HF:8 >88F8 B: 7=8 G:8F<:8 F9;<68=7=<:8 B678 F7 G6;@<>6F
8=9QC:9 6N: F7 ;6FO BJDWB<=9W8: Rh = 4S ?=F< B>T@<:7;:8 ;:G?@<6;F<:8 B: =78>C7:!
,:G?@<6;F<: R
o
-S 17 23 25 30
tcel RG>7S 55 44 38 32
tatt RG>7S 53 42 32 22
tβ RG>7S 53 40 33 26
3: ;:G?8 B: C@9>I6;>=7 8F>; 96 9=> BJ*<<D:7>F8 B@<>;: ?6< 9J@HF6;>=7 1
ln(tvs) = C +
Ea
RT
. R !"S
*I7 B: =G?6<:< 7=8 G:8F<:8 6N: :99:8 B: 96 9>;;@<6;F<:E 9:8 ;:G?8 6<6;@<>8;>HF:8
:O;<6>;8 B: 96 @9@<>;@E B: 9J6;;@7F6;>=7 :; BF ?6<6GK;<: 7=7 9>7@6><: 8=7; <:?=<;@8 8F< 96
ICF<:  !UX! $99: G=7;<: 9J:78:GP9: B:8 ;:G?8 6<6;@<>8;>HF:8 :7 L=7;>=7 B: 96 ;:G?@<6;F<:
B: =78>C7:!
36 =F<P: :7 <=FC: :8; 9: ;:G?8 B: C@9>I6;>=7Etg E B=77@ ?6< 96 <D@=9=C>: B: -=F:;;:
G:8F<: <D@=9=C>HF: P68: L<@HF:7: B: <@L@<:7: ?=F< 9:8 G6;@<>6FO 8=9QC:9! 36 =F<P: :7
P9:F <:?<@8:7;: 9: ;:G?8 6<6;@<>8;>HF:E tvsE G:8F<@ ?6< F7 <@8=76;:F< M HF6<;Y! -:8 B:FO
G@;D=B:8 B@<>N:7; 9:8 9=>8 B: =G?=<;:G:7;8 BJ*<<D:7>F8 6>78> HF: 9:8 G=BK9:8 B: Z=9<WQ
U[ 
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
10 15 20 25 30 35 40
0
20
40
60
80
100
120
Température (°C)
T
e
m
p
s
 c
a
ra
c
té
ri
s
ti
q
u
e
s
 (
m
in
)
t
vs
t
g
t
cel
t
att
tβ
 !"#$%  !"# $ %&'() +,+-.,/)-/01&) /))1) 2&) (+,+'3-,&) 14-,+)56/01&) 5'(+,.) +7&
&18 /))1) 2& 4+ 4/--.,+-1,& (51, 2&) '+-.,/+18 )549:&4 ; <+)& 2& )/4/& +7& 16 -+18 2=>?9
2,54?)& 2& 4 (51, 2/@.,&6-&) -&'(.,+-1,&) 2& 56)/:6&!
A-5B'+?&, CD56-56  ! "#$E FGGFE H142 I>))&/6  ! "#$E FGGJ℄! L&) )?'<54&) (41)E &,4& &-
.-5/4& ,&(,.)&6-&6- ,&)(&-/7&'&6- 4&) -&'() +,+-.,/)-/01&) &8-,+/-) 2&) '&)1,&) 2& 4+
.4.,/-.E 2& 4=+--.61+-/56 &- 21 (+,+'3-,& 656 4/6.+/,&!
M56&,6+6- 4&) -&'() +,+-.,/)-/01&) &8-,+/-) 2&) '&)1,&) 2& 4=+--.61+-/56 &- 21 (+,+9
'3-,& 656 4/6.+/,&E 4& 5'(5,-&'&6- +/6)/ 01& 4&) 7+4&1,) 2& -&'() &)- (,5>& 2& &44& '&9
)1,. (+, 16 ,.)56+-&1, ; 01+,-N! L&) -&'() +,+-.,/)-/01&) /))1) 2&) '&)1,&) 2& 4+ .4.,/-.
'56-,& 16 .+,- (41) /'(5,-+6- +7& &44& 2& 4+ 4/--.,+-1,&! M&(&62+6-E 16& 2.,5/))+6&
45:+,/->'/01& 21 -&'() +,+-.,/)-/01& &6 O56-/56 2& 4+ -&'(.,+-1,& &)- 5<)&,7.&! L&)
'&)1,&) 2& -&'() +,+-.,/)-/01&) )56- &6 <566& +2.01+-/56 +7& &18 2& 4+ 4/--.,+-1,&!
PQ6 2& '&--,& &6 +7+6- 4+ 45/ 2=P,,>&6/1)E 4&) 45:+,/->'&) 2&) -&'() +,+-.,/)-/01&)
)56- &8(,/'.) &6 O56-/56 2& 4=/67&,)& 2& 4+ -&'(.,+-1,&! A1, 4&) -,5/) Q:1,&) )1/7+6-&)E 4+
51,<& &6 ,51:& &)- 4& -&'() 2& :.4/Q+-/56 2.-&,'/6. (+, 4+ ,>.545:/& 2& M51&--&! L+ 51,<&
&6 <4&1 ,&(,.)&6-& 4& -&'() +,+-.,/)-/01&E tvsE '&)1,. (+, 16 ,.)56+-&1, ; 01+,-N! L&)
51,<&) &6 65/, &)- 4=+R1)-&'&6- 2& 4+ 2,5/-& (+))+6- (+, 4&) -&'() +,+-.,/)-/01&) &8-,+/-&)
,&)(&-/7&'&6- 2&) '&)1,&) 2& .4.,/-.E 2=+--.61+-/56 &- 21 (+,+'3-,& 656 4/6.+/,& SQ:1,&)
"FT
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
 !678  !69 :;  !<=>!
3? @ABC:  !67 DEF;C: G: GEA?CH;ID: JB ;:DKL ?C?;NCHL;HOB: :P;C?H; J: G? NGNCH;N :F
QEF;HEF J: GRHFS:CL: J: G? ;:DKNC?;BC:!
3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.5 3.55
x 10
−3
6.5
7
7.5
8
8.5
9
1/T (K
−1
)
L
n
(t
c
e
l)
t
vs
t
g
t
cel
ajustement
Ln(t
cel
) = −4,73 + 3724 / T
 !"#$%  !67 T ,:DKL ?C?;NCHL;HOB:L HLLBL J: G? D:LBC: J: NGNCH;N EDK?CNL ?S: :BP
HLLBL J: G? GH;;NC?;BC: KEBC J:L D?;NCH?BP LEGUA:G V W?L: J: LHGH: ?S: BF ;?BP JRIXJCEGXL:
J: 4 :F QEF;HEF J: GRHFS:CL: J: G? ;:DKNC?;BC: J: EFLHAF:!
3:L ;:DKL ?C?;NCHL;HOB:L :P;C?H;L J:L D:LBC:L J: G? NGNCH;N J:L EFJ:L BG;C?LEFEC:L
L: LH;B:F; :F;C: :BP J: G? GH;;NC?;BC:! 3RHF;:CKEG?;HEF J:L ;:DKL ?C?;NCHL;HOB:L K?C BF:
JCEH;: ?YF: Q?H; ?KK?C?Z;C: BF E:YH:F; JHC:;:BC [GRNF:CAH: JR?;HS?;HEF ?KK?C:F;: LBC G?
EFL;?F;: J:L A?\ K?CQ?H;> J: 3424 ]! (RE^8 BF: NF:CAH: JR?;HS?;HEF ?KK?C:F;: JNJBH; J:L
D:LBC:L J: G? NGNCH;N :L; J: 28 _`DEG−1! 3RN?C; C:G?;HQ LBC GRNF:CAH: JR?;HS?;HEF ?KK?C:F;:
:L; J: GRECJC: J: 34%!
3? ;:DKNC?;BC: ?G;aC: G? JN;:CDHF?;HEF JB ;:DKL ?C?;NCHL;HOB: :P;C?H; J:L D:LBC:L
J: G? NGNCH;N J:L EFJ:L BG;C?LEFEC:L :; ?HFLH HF;CEJBHL?F; BF WH?HL HDKEC;?F; LBC GRNF:CAH:
JR?;HS?;HEF ?KK?C:F;:! *HFLH8 GR?F?GXL: J:L CNLBG;?;L Q?H; ?KK?C?Z;C: BF: JNK:FJ?F: J: G?
;:DKNC?;BC: HF;CEJBHL?F; BF WH?HL LBC G? JN;:CDHF?;HEF JB ;:DKL GHN V G? L;CB;BC?;HEF JB
D?;NCH?B :; LEF NF:CAH: JR?;HS?;HEF!
6<b
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
36 789:;  !<= >?@A:; B; B?86:CAD>; E9 A;>FG 6:6AI:CGACJ9; ;KA:6CA E; BL6AAI@96AC?@
;@ M?@AC?@ E; BLC@N;:G; E; B6 A;>FI:6A9:;!
3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.5 3.55
x 10
−3
6.5
7
7.5
8
8.5
9
1/T (K
−1
)
L
n
(t
a
tt
)
t
vs
t
g
ajustement
t
att
Ln(t
att
) = −8,78 + 4889 / T
 !"#$%  !<= O ,;>FG 6:6AI:CGACJ9;G CGG9G E; B6 >;G9:; E; BL6AAI@96AC?@ ?>F6:IG 6N;
;9K CGG9G E; B6 BCAAI:6A9:; F?9: E;G >6AI:C69K G?BP8;B Q R6G; E; GCBC; 6N; 9@ A69K ELDSP
E:?BSG; E; 4 ;@ M?@AC?@ E; BLC@N;:G; E; B6 A;>FI:6A9:; E; ?@GC8@;!
(; B6 >T>; M6U?@ J9; F?9: B; A;>FG 6:6AI:CGACJ9; tvsV 9@; C@A;:F?B6AC?@ E;G A;>FG
6:6AI:CGACJ9;G CGG9G E;G >;G9:;G E; BL6AAI@96AC?@ F6: 9@; E:?CA; 6W@; M6CA 6FF6:6XA:; 9@
?;WC;@A EC:;A;9: E; 4889 Y! *C@GCV BLI@;:8C; EL6ACN6AC?@ 6FF6:;@A; EIE9CA E;G >;G9:;G
;GA E; 41 Z[>?B−1! 3;G A;>FG 6:6AI:CGACJ9;G CGG9G E;G >;G9:;G E; BL6AAI@96AC?@ F:IG;@A;
9@; ECGF;:GC?@ 6GG;\ C>F?:A6@A;! -;AA; ECGF;:GC?@ ;GA E9 Q B6 ECW9BAI E; B6 >;G9:; E;
BL6AAI@96AC?@ E;G ?@E;G 9BA:6G?@?:;G!
36 789:;  !]^ >?@A:; J9; B; A;>FG ;KA:6CA E9 F6:6>_A:; @?@ BC@I6C:; ;GA Q :;BC;: Q
B6 GA:9A9:6AC?@ E9 >6AI:C69 G?BP8;B! 3LI@;:8C; EL6ACN6AC?@ 6FF6:;@A; EIE9CA E;G A;>FG
6:6AI:CGACJ9;G tβ ;GA CE;@ACJ9; Q ;BB; CGG9; E;G A;>FG 6:6AI:CGACJ9;G tatt G?CA E; 41
Z[>?B
−1
`789:;  !]^a! 3;G A;>FG 6:6AI:CGACJ9;G CGG9G E; B6 >;G9:; E9 F6:6>_A:; @?@ BCP
@I6C:; F:IG;@A; 9@; M6CRB; ECGF;:GC?@! -; F?C@A 6GG9:; 9@; >;CBB;9:; E;G:CFAC?@ E; BLI@;:8C;
EL6ACN6AC?@ 6FF6:;@A;!
<]b
 !"! #$%&'$% ($% )*'*#+,'$% *-.&%,/0&$% 1 '2%&3,*,%
$4)2'/#$5,*&4
3.15 3.2 3.25 3.3 3.35 3.4 3.45 3.5 3.55
x 10
−3
6.5
7
7.5
8
8.5
9
1/T (K
−1
)
L
n
(t
β)
t
vs
t
g
ajustement
tβ
Ln(tβ) = −8,78 + 4889 / T
 !"#$%  !67 8 ,9:;< >?>@A?B<@BCD9< B<<D< E9 F> :9<D?9 ED ;>?>:G@?9 HIH FBHA>B?9 I:J
;>?A< >K9 9DL B<<D< E9 F> FB@@A?>@D?9 ;ID? E9< :>@A?B>DL <IFJM9F N O><9 E9 <BFB9 >K9 DH
@>DL EPQRE?IFR<9 E9 4 9H SIH@BIH E9 FPBHK9?<9 E9 F> @9:;A?>@D?9 E9 IH<BMH9!
 !"$%&'!"
-9 Q>;B@?9 9L;I<9 FP>;;FB>@BIH ED <DBKB E9< ;>?>:G@?9< >ID<@BCD9< ;>? DH9 :A@QIE9
>D@IJ>FBO?A 9H A:B<<BIHJ?A9;@BIH ED ;>?>:G@?9 HIH FBHA>B?9 9@ E9 <IH BH<@?D:9H@>@BIH
DF@?><IHI?9 ;ID? ><<D?9? F> :9<D?9 >O<IFD9! 39 ;?I9<<D< <IFJM9F B:;I<9 E9< ;?A>D@BIH<
D<>M9< >TH EP><<D?9? F> ?A;A@>OBFB@A! 39< ?A<DF@>@< E9< ;>?>:G@?9< >ID<@BCD9< :9@@9H@ 9H
AKBE9H9 F9D? <9H<BOBFB@A N F> <@?D@D?>@BIH ED :>@A?B>D! 39D? >H>FR<9 ;9?:9@ E9 ?9K9HB? N
DH @9:;< >?>@A?B<@BCD9 FBA N F> SI?:>@BIH ED :>@A?B>D <IFJM9F! 39 ;>?>:G@?9 HIH FBHA>B?9
<P>KG?9 U@?9 ;FD< ?IOD<@9 E>H< F> EA@9?:BH>@BIH ED @9:;< E9 MAFBT>@BIH!
V6W
 !"#$%&' (
 !"#$%&$ '( )"%"!*+%$ ,-.
 ! #$%&'(! %()*!+'! ,+! $%%-&$'&.+ /0&1$2!(&! /, %$($13'(! +.+ -&+)$&(! %$( -$ 1)4
'#./! $,'.4$-&5()! !+ )1&**&.+4()!%'&.+ 1&*! !+ .!,6(! /$+* -!* #$%&'(!* %())/!+'*7 8+!
)',/! %()-&1&+$&(! $**,(! -$ 9$&*$5&-&') /! !''! $%%-&$'&.+7 :0&+*'(,1!+'$'&.+ !*' $/$%')!
; -$ %(.5-)1$'&<,! /! -0&1$2!(&! %$( -0,'&-&*$'&.+ /0,+ '($+*/,'!,( 9.$-&*) %.,( $**,(!(
,+! 1!*,(! -.$-! /, %$($13'(! +.+ -&+)$&(!7 :!* )<,$'&.+* /! %(.%$2$'&.+ /)=+&!* /$+* -!
$/(! /! -$ /).1%.*&'&.+ !+ *.11! /! 2$,**&!++!* *.+' 1./&=)!* %.,( '!+&( .1%'! /!
-$ 2).1)'(&! /, '($+*/,'!,(7 :$ ()*.-,'&.+ /! -0&1$2! !' *!* -&1&'!* *.+' /&*,')!* ; %$('&(
/! -0&1$2! /0,+ 9$+'1! .+'!+$+' /!,? @,&/!*7
ABC
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
 !" #$%&' ()*+,-,./,)' 0 1/,2/3,+,$* &' +4,-/5'),' &% (/)/6
-7$)' .8. +,.*/,)'
*7 89:;: <78 =>?=>:@A@8 ;:8?C@DE8A:F978 78A =?88:GD7 =E> DE H789>7 <9 =E>EHIA>7 J?J
D:J@E:>7 <EJ8 <78 H:D:79K 7J @;?D9A:?J L>M7 N 9J7 H@AO?<7 E9A?CED:G>@7 7J @H:88:?JC
>@7=A:?J! %J7 E9A>7 H:87 7J P9;>7 <7 DE HQH7 A7OJ:F97 <7 H789>7 <9 =E>EHIA>7 J?J
D:J@E:>7R 78A =>@87JA@7R =7>H7AAEJA D7 89:;: <78 ;E>:EA:?J8 8=EA:ED78 <78 =>?=>:@A@8 ;:8?C
@DE8A:F978 <39J H:D:79!
 !"!" #$%&%() *) +, -./01*) *2%-,3)$%)
.SJ <7 ;ED:<7> D7 =>:J:=7R D3@OEJA:DD?J 78A ?J8A:A9@ <7 <79K H:D:79K O?H?LIJ78! *7
<@=DE7H7JA <9 A>EJ8<9A79> =E> >E==?>A N D3@OEJA:DD?J =7>H7A D7 89:;: <78 ;E>:EA:?J8
8=EA:ED78 <78 =>?=>:@A@8 D:J@E:>78 7A J?J D:J@E:>78 <9 H:D:79 7A DE ?J8A>9A:?J <39J7 :HEL7
=E>EH@A>:F97!
 !"#$%  !" T 1O@HE <7 =>:J:=7 =7>H7AAEJA D3:HEL7>:7 <9 =E>EHIA>7 J?J D:J@E:>7 <39J
UEJAH7 EWEJA <78 =>?=>:@A@8 ;:8?C@DE8A:F978 <:X@>7JA78 89:;EJA DE <:>7A:?J y!
*7 H:D:79 N :HEL7> YUEJAH7Z 78A =DE@ 7JA>7 D7 A>EJ8<9A79> 7A D7 >@[7A79>! .SJ <7
UE:D:A7> D7 <@=DE7H7JA <9 A>EJ8<9A79>R 9J7 DEH7 <37E9 78A :JA7>ED@7 7JA>7 D7 A>EJ8<9A79>
7A D7 UEJAH7 ! *E <:8AEJ7 7JA>7 D7 A>EJ8<9A79> 7A D7 UEJAH7 78A SK7 7A @LED7 N L! *7
UEJAH7R <3@=E:8879> dR 78A E?D@ E9 >@[7A79> 7J ED9H:J:9H! 19> D7 8O@HE <7 DE SL9>7
 !"R D78 ?9D79>8 8WHG?D:87JA D78 <79K H:D:79K O?H?LIJ78 D7 ?J8A:A9EJA! *7 <@=DE7H7JA
<9 A>EJ8<9A79> 87 UE:A 89:;EJA DE <:>7A:?J y E889>EJA D7 GEDEWEL7 8=EA:ED!
"\]
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
*78 9:;9:<=>=8 ?;A8><BA78 C7 D? D?E7 C37?A ;E9:<87 7F>:7 D7 >:?F8CA>7A: 7> D7 G?F>E7
8;F> 8A99;8=78 ;FFA78 7> 7F><I:7E7F> ?:?>=:<8=78! *78 ;FC78 AD>:?8;F;:78 87 9:;9?J7F>
K >:?L7:8 7>>7 D?E7 9A<8 C?F8 D7 G?F>E7! 'DD78 8;F> 7F8A<>7 :=M=N<78 8A: D7 :=M7>7A: 7F
?DAE<F<AE 9;A: O>:7 :7A7<DD<78 9?: D7 >:?F8CA>7A: ?9:I8 83O>:7 :7>:;P9:;9?J=78 C?F8 D7
G?F>E7 7> D? D?E7 C37?A!
 !"!# $%&')*+ ,-'.%+/&/.*+
*7 G?F>E7 78> G?Q:<BA= K 9?:><: C3AF7 ;88?>A:7 E=>?DD<BA7 <:AD?<:7 :7;AL7:>7 9?:
AF7 E7EQ:?F7 7F D?>7R! *3=N?F><DD;F ?<F8< G;:E= ? AF7 =9?<887A:S dS =J?D7 K 12, 5 EE
7> AF C<?EI>:7 <F>=:<7A: C7 55 EE! *? E7EQ:?F7 CA G?F>E7 78> >7FCA7 8A: D3;88?>A:7!
*3=9?<887A: C7 D? E7EQ:?F7 78> =L?DA=7 9?: D7 ;F8>:A>7A: K 55 µE! *7 G?F>E7 78> 7F
;F>?> ?L7 D7 :=M7>7A: ?88A:?F> AF 9?:?DD=D<8E7 7F>:7 D78 9?:;<8 CA G?F>E7S D7 :=M7>7A:
7> D7 >:?F8CA>7A:! *3<FMA7F7 C7 D? E7EQ:?F7 78> F=JD<J=7 / D3<F>7:G?7 78> C;F ;F8<C=:=
;EE7 AF ;F>?> 9?:G?<> 7F>:7 D? D?E7 C37?A 7> D3=N?F><DD;F!
&7AR ;FTJA:?><;F8 C7 G?F>E7 8;F> E<878 7F ;7AL:7! U;F7:F?F> D3=>AC7 9:=D<E<F?<:7S
D7 G?F>E7 78> ;F8><>A= C3AF MA<C7 / D7 E=>N?F;D! *78 ?:?>=:<8><BA78 C7 7 C7:F<7: ;F> =>=
C=>7:E<F=78 C?F8 D7 9?:?J:?9N7 V!V! )?997D;F8 BA7 D? L<>7887 C78 ;FC78 C?F8 D7 E=>N?F;D ?
=>= E78A:=7 K 1101, 8 EW8S ?L7 AF7 ?>>=FA?><;F C7 1, 198 10−14 f2 -9WE 7> AF 9?:?EI>:7
F;F D<F=?<:7 C7 B/A = 9, 73!
&?F8 AF 87;FC >7E98S AF7 <E?J7 CA 9?:?EI>:7 F;F D<F=?<:7 B/A 78> 9:;CA<>7 K 9?:><:
C3AF G?F>E7 ;E9;8= C7 C7AR MA<C78 F;F E<8<QD78 / D37?A 7> D3NA<D7 C7 8<D<;F7! *3NA<D7
C7 8<D<;F7 78> ?:?>=:<8=7 9?: D? E=>N;C7 ?A>;P?D<Q:=7 7F =E<88<;FP:=79><;F! *3NA<D7
C7 8<D<;F7 47 X 20 Y)N;C;:8<DZ ? D78 ?:?>=:<8><BA78 8A<L?F>78 / L<>7887 C7 1011 EW8S
?>>=FA?><;F C7 5, 98 10−14 f2 -9WE 9;A: AF7 >7E9=:?>A:7 C7 20oU! 1? E?887 L;DAE<BA7
78> =J?D7 K 950 [JWE3S D7 9?:?EI>:7 B/A C?F8 D3NA<D7 C7 8<D<;F7 78> E78A:= K B/A = 10, 08
Yβ = 6, 04Z!
"V"
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
 !"!# $%&'())*+, -. 012& -( &'())*+, 3 41 5'67.(,( 01'2+,*7.( 2 '(8.
*7 89:9;<=:7 >?> @A>B9A:7 7C= DBDEA= D7 @37F8:7CCA?> D7 @9 8:7CCA?> G @9 H:BIE7>7 K9:L
;?>AIE7 :7ME7 89: @7 =:9>CDE=7E: 98:<C 8:?89N9=A?> 7= NB>B:9=A?> G =:9O7:C @37>C7;P@7 D7C
;A@A7EF :7>?>=:BC Q@9;7 D379E 7= H9>=;7S! *9 8:7CCA?> G @9 H:BIE7>7 K9:;?>AIE7 2 :7ME7
7C= DB=7:;A>B7 G 89:=A: D7 @9 8:?BDE:7 D7 9@AP:9=A?> 7F8?CB D9>C @7 89:9N:98K7 T!"!U 7=
D7 @9 ?;8?C9>=7 9E C7?>D K9:;?>AIE7 DE C87=:7 DE ?E:9>= D7 C?:=A7V IoutI ! (9: ?;L
89:9AC?> 9O7 @7 ?D7 D7 @9 DB?;8?CA=A?> 7> C?;;7 D7 N9ECCA7>>7CV @7C 89:9;<=:7C D7 @9
@9;7 D379E B=9>= 89:H9A=7;7>= ?>>ECV @7 89:9;<=:7 >?> @A>B9A:7 DE H9>=;7 7C= DB=7:;A>B!
*7 K9;8 D7 8:7CCA?> :7ME 89: @7 =:9>CDE=7E: =:9O7:C7 G @39@@7: 7= 9E :7=?E: @9 @9;7
D379E 7= @7 H9>=;7 *3KW8?=K<C7 D7 :BNA;7 IE9CAL@A>9A:7 7C= =?EX?E:C CE88?CB7 :7C87=B7!
*9 8:7CCA?> G @9 H:BIE7>7 K9:;?>AIE7 2 :7ME7 C7 DB?;8?C7 7> @9 C?;;7 D7C 8:7CCA?>C G
@9 H:BIE7>7 K9:;?>AIE7 2 NB>B:B7C 89: @7C DAYB:7>=7C ?EK7C Q@9;7 D379E 7= H9>=;7S!
P recI,2 = P
A,eau
I,2 + P
A,fant
I,2 + P
R,fant
I,2 + P
R,eau
I,2 . Q !"S
*7C 8:7CCA?>C PA,eauI,2 V P
A,fant
I,2 V P
R,fant
I,2 V P
R,eau
I,2 A>=:?DEA=7C 89: @3BIE9=A?>  !" C?>= @7C
8:7CCA?>C G @9 H:BIE7>7 K9:;?>AIE7 NB>B:B7C D9>C @7 ;A@A7E 9O9>= Q79ES ?E D9>C @3BK9>L
=A@@?>! PA,eauI,2 7= P
A,fant
I,2 C?>= @7C 8:7CCA?>C G @9 H:BIE7>7 K9:;?>AIE7 2 NB>B:B7C :7C87L
=AO7;7>= D9>C @9 @9;7 D379E 7= D9>C @7 H9>=;7 @?:C D7 @9 8:?89N9=A?> 9@@7: D7C ?>D7C
E@=:9C?>?:7C! PR,fantI,2 7= P
R,eau
I,2 C?>= @7C 8:7CCA?>C G @9 H:BIE7>7 K9:;?>AIE7 2 NB>B:B7C
:7C87=AO7;7>= D9>C @7 H9>=;7 7= D9>C @9 @9;7 D379E @?:C D7 @9 8:?89N9=A?> :7=?E: 98:<C
:BH7=A?> D7C ?>D7C E@=:9C?>?:7C! Z7C 8:7CCA?>C 98:<C 9O?A: B=B NB>B:B7C D9>C @7E: ;A@A7E
:7C87=AH C7 8:?89N7>= @A>B9A:7;7>= XECIE39E =:9>CDE=7E:! *7E:C 7F8:7CCA?>C C?>= @7C CEAL
O9>=7C /
PA,eauI,2 =
−jk212β
(
P emiI,1
)2
R1T12T21
8πρ0c
2
0
× e−α12f22L1 e−α22f22d
× e−jk122L1 e−jk222d F1, Q !TS
"UT
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
PA,fantI,2 =
−jk222βf
(
P emiI,1
)2
R1T
2
12T21
8πρ0c0 cm
× e−(2α11f2+α12f2)L1 e−α22f22d
× e−jL1(2k11+k12) e−jk222d F2, 7 !89
PR,fantI,2 =
−jk222βf
(
P emiI,1 R1
)2
T 212T21
8πρ0c0 cm
× e−(2α11f2+α12f2)L1 e−(2α12+α22)f2d
× e−jL1(2k11+k12) e−j(2k12+k22)d F3, 7 !:9
PR,eauI,2 =
−jk212β
(
P emiI,1 R1
)2
T 212T
2
21
8πρ0c20
× e−(2α11f2+α12f2)L1 e−2α12f22d
× e−jL1(2k11+k12) e−j2k122d F4. 7 ! 9
*; =>?@;A?=BC >D E3?B>?D FDGHDA >D =BB;IAGD ED H?E?DJ DA E3=G>GD =BC?>KGK! 1=?A JB
?B>?D X12 C?LB?@D MJD E; N;EDJG DCA >KADGH?BKD F=JG ED H?E?DJ 1 O E; PGKMJDBD Q;GH=B?MJD
2 DA ?BNDGCDHDBA F=JG X21 C?LB?@D MJD ED H?E?DJ 2 DCA =BC?>KGK O E; PGKMJDBD P=B>;HDBA;ED!
+?R ED H?E?DJ 1 DCA E; E;HD >3D;J DA ED H?E?DJ 2 ED P;BAHD!
*DC ADGHDC T12 DA T21 C=BA EDC =DT?DBAC >D AG;BCH?CC?=B >D E3=B>D JEAG;C=B=GD GDCU
FDA?NDHDBA >J H?E?DJ 1 7D;J9 ;J H?E?DJ 2 7P;BAHD9 DA ?BNDGCDHDBA! *DC ADGHDC RR T12 DA
T21 C=BA CJFF=CKC ?>DBA?MJDC DB P=BA?=B >D E; PGKMJDBD >3DV?A;A?=B 7;J P=B>;HDBA;E DA O
E3Q;GH=B?MJD 29!
*DC ADGHDC F1R F2R F3R F4 C=BA EDC =DT?DBAC >D >?WG;A?=B ;CC=?KC ;JV >?WKGDBADC
FGDCC?=BC O E; PGKMJDBD Q;GH=B?MJD LKBKGKDC ;JV =JGC >D E; FG=F;L;A?=B! +EC C=BA DVFG?HKC
C=JC E; P=GHD CJ?N;BAD =X i ∈ [1, 4] /
Fi = j
N∑
n=1
M∑
m=1
L∑
l=1
Ain A
i
m A
i
le
αi
binml
ai
nml
ainml
[
E1
(
αi
binml
ainml
)
−E1
(
αi
(
di +
binml
ainml
))]
, 7 !Y9
=X EDC ADGHDC ainml  ! b
i
nml "#$! % "& !() * $! +,-$(" &.% / " # 0( $!" + 1 $  ! 2% .3
4 ./ 5
ainml = Bl c
i
nm + j4 B
i
nB
i
m, b
i
nml = Bl d
i
nm − 2(Bin +Bim),
cinm = −2 γi Bn Bm + j(Bin +Bim), dinm = −2 + jγi(Bin +Bim). 6789:
;<<
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
*78 :7;<7=>8 ?7 @7= 7> 2A7BC7BD7 An 8:=> ?EF=<8 G:HA D37=87IJD7 ?78 DBI78 /
A0n = A
1
n = An, A
2
n =
An
1− j d1 Bn ,
A3n =
An
1− j (d1 + d2) Bn , A
4
n =
An
1− j (d1 + d2 + d3) Bn . K !LM
*78 :7;<7=>8 8:=> =:AIBD<8E8 N GBA><A ?7 DB ?<8>B=7 ?7 )BOD7<PQ ?B=8 DB DBI7 ?37BH
KldωM 7> ?B=8 D7 RB=>I7 KldM!
γ0 = γ1 = d1 + d2 + d3 + d4, γ
2 = d2 + d3 + d4,
γ3 = d3 + d4, γ
4 = d4. K !TM
*78 ?<8>B=78 =:AIBD<8E78 837UGA<I7=> 8:H8 DB R:AI7 /
d0 =
L+ 2d+ L
ldω
, d1 = d4 =
L
ldω
, d2 = d3 =
d
ld
. K !"VM
*78 GA788<:=8 EI<878 N DB RAEWH7=7 R:=?BI7=>BD7 7> A7XH78 N DB RAEWH7=7 QBAI:=<WH7
2 8:=> ?E>7AI<=E78 N GBA><A ?7 DB GA:E?HA7 ?7 BD<JAB><:= ?H >AB=8?H>7HA! 4AY7 BHU
7UGA788<:=8 ?EA<>78 <Z?788H8 D7 GBABI[>A7 =:= D<=EB<A7 78> ?E>7AI<=E G:HA D7 \H<?7 R:AIB=>
D7 RB=>I7!
 !"!# $%&'(%& )(*+,-,./,(%& /0% '. 2(/.&3'2%'( )+/.
%=7 E>H?7 GAED<I<=B<A7 B88HAB=> DB RB<8BJ<D<>E ?7 D3<IBP7A<7 ?H GBABI[>A7 =:= D<=EB<A7
B/A GBA DB IE>Q:?7 BH>:ZBD<JAE7 7= EI<88<:=ZAE7G><:= 78> 7]7>HE7 8HA ?7HU RB=>I78
:=>7=B=> A78G7><^7I7=> ?H IE>QB=:D 7> ?7 D37BH!
&B=8 7>>7 GA7I<[A7 E>H?7_ D7 >AB=8?H>7HA H><D<8E 78> GDB=! *7 >AB=8?H>7HA 78> <?7=><WH7
N 7DH< ?7 D3E>H?7 GAEE?7=>7! *3:J`7><R 78> ?7 ?EI:=>A7A WH7 D7 QBIG ?7 GA788<:= N DB
RAEWH7=7 QBAI:=<WH7 2 78> ?<]EA7=> 7=>A7 H= RB=>I7 ?7 IE>QB=:D 7> H= ?37BH! .<=8<_ D7
GBABI[>A7 =:= D<=EB<A7 B/A 78> ?<]EA7=> 7> <?7=><FBJD7!
*78 QBIG8 ?7 GA788<:= N DB RAEWH7=7 R:=?BI7=>BD7 7> QBAI:=<WH7 2 8:=> I78HAE8
G:HA D78 ?7HU RB=>I78 / 7BH 7> IE>QB=:D A78G7><^7I7=> 7= JD7H 7> 7= A:HP7 8HA DB FPHA7
 !a! *78 I78HA78 8:=> A7GAE87=>E78 GBA D78 IBAWH78 GDH8! b78 I78HA78 8:=> :IGBAE78 BHU
GA788<:=8 BDHDE78 GBA DB ?E:IG:8<><:= 7= 8:II7 ?7 PBH88<7==78 K:HAJ7 7= >AB<> GD7<=M!
"cd
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
0 0.5 1 1.5 2 2.5 3
x 10
10
0
2000
4000
6000
8000
10000
12000
P
I,1
2
 (Pa)
P
I,
2
 (
P
a
)
Méthanol
Eau
B/A = 8 
B/A = 4,7 
 !"#$%  !7 8 (9:;;<=> ? @A B9CDE:>: GA9H=><DE: 2 9:IE: :> B=>J<=> KE A99C K: @A L9:;;<=>
CH<;: ? @A B9CDE:>: B=>KAH:>JA@: KA>; E> BA>JH: K3:AE NO@:EP :J E> BA>JH: K: HCJGA>=@
N9=EQ:P A@E@C: LA9 @A KC=HL=;<J<=> :> ;=HH: K: QAE;;<:>>:; NJ9A<J L@:<>P :J H:;E9C: LA9
E> J9A>;KEJ:E9 L@A> NL@E;P AR: E>: J:HLC9AJE9: K: 20oS!
*A TQE9:  !7 H=>J9: DE: @:; L9:;;<=>; ? @A B9CDE:>: KE ;:=>K GA9H=><DE: QC>C9C:;
:> L9C;:>: KE BA>JH: K: HCJGA>=@ ;=>J ;ELC9<:E9:; ? :@@:; QC>C9C:; AR: E> BA>JH:
K3:AE! *3EJ<@<;AJ<=> K:; :UL9:;;<=>; K:; GAHL; K: L9:;;<=> ? @A B9CDE:>: GA9H=><DE: 2
9:IE; LA9 @: J9A>;KEJ:E9 L:9H:J K: KCJ:9H<>:9 @:; LA9AHVJ9:; >=> @<>CA<9:; K:; BA>JH:;
K: HCJGA>=@ :J K3:AE!
*3A>A@W;: K:; 9C;E@JAJ; K=>>: L=E9 @: BA>JH: K: HCJGA>=@ :J :@E< K3:AE 9:;L:J<R:H:>J
E> LA9AHVJ9: >=> @<>CA<9: B/A CQA@: ? 8 :J 4, 7! *A KCJ:9H<>AJ<=> KE LA9AHVJ9: >=> @<>CA<9:
KA>; :; =>K<J<=>; K=>>: E>: RA@:E9 <>BC9<:E9: ? :@@: AJJ:>KE: 9:;L:J<R:H:>J 5, 2 :J 9, 7!
.<>;<X @: LA9AHVJ9: >=> @<>CA<9: B/A L:EJ YJ9: KCJ:9H<>C LA9 @A HCJG=K: AEJ=ZA@<O9C: :>
CH<;;<=>Z9C:LJ<=> K3E> BA>JH:! *A @AH: K3:AEX :>J9: @: J9A>;KEJ:E9 :J @: BA>JH: :>
=>JAJ AR: @: 9C[:J:E9 A;;E9A>J E> KCL@A:H:>J KE J9A>;KEJ:E9 ;E<RA>J @A K<9:J<=> yX
A E> BA<O@: <HLAJ ;E9 @A KCJ:9H<>AJ<=> KE LA9AHVJ9: >=> @<>CA<9: B/A!
*A TQE9:  !\ 9:L9C;:>J: @A ;<HE@AJ<=> K:; GAHL; K: L9:;;<=> >=9HA@<;C; ? @A B9CDE:>:
GA9H=><DE: 2 QC>C9C; KA>; @A @AH: K3:AE :J @: BA>JH: AR: E> J9A>;KEJ:E9 L@A> NL=<>J<@@CP
"\ 
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
78 9:<=>?@ A8B<>8 C=7>DE! *< D:BF<=>?<8>:D 7?8 7G78H@7 I C<B8>B JH K<FC J7 CB7??>:D I =<
9B@LH7D7 K<BF:D>LH7 2 M@D@B@ NH?87 <CBO? =7 9<D8F7 <Q7 HD 8B<D?JH87HB 9:<=>?@ 7D
8B<>8 C=7>D D:>B AP fantomeI,2 (focalise)E! *7? M@D@B<8>:D? J<D? =< =<F7 J37<H ?:D8 =7? :HBR7?
7D B:HM7 LH<DJ 7==7? J<D? =7 9<D8F7 ?:D8 7D D:>B! *< F<BLH7 Q7B8><=7 B7CB@?7D87 =<
J>?8<D7 H8>=>?@7 7SC@B>F7D8<=7F7D8!
0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.1
−45
−40
−35
−30
−25
−20
−15
−10
−5
0
z (m)
A
m
p
lit
u
d
e
 n
o
rm
a
lis
é
e
 (
d
B
)
P
I,2
fantôme
 (focalisé)
P
I,2
eau
 (focalisé)
P
I,2
fantôme
 (plan)
P
I,2
eau
 (plan)
 !"#$%  !T U 1>FH=<8>:D J7? K<FC? J7 CB7??>:D D:BF<=>?@? I =< 9B@LH7D7 K<BF:D>LH7 2
M@D@B@? J<D? =< =<F7 J37<H AB:HM7E 78 J<D? =7 9<D8F7 AD:>BE J<D? =7 <? J3HD 8B<D?JH87HB
C=<D AC:>D8>==@E 78 J3HD 8B<D?JH87HB 9:<=>?@ A8B<>8 C=7>DE ?H>Q<D8 =< J>?8<D7 J7 CB:C<M<8>:D
z!
. C<B8>B J7? J>G@B7D87? CB7??>:D? I =< 9B@LH7D7 K<BF:D>LH7 2 M@D@B@7? J<D? =7? J>G@V
B7D87? :HK7? J@87BF>D@7? C<B =< J@:FC:?>8>:D 7D ?:FF7 J7 M<H??>7DD7?W :D B7F<BLH7
LH7 =3<CC:B8 JH 8B<D?JH87HB 9:<=>?@ 7?8 7??7D8>7= C:HB =3>F<M7B>7 JH C<B<FO8B7 D:D =>V
D@<>B7! X:FC<B:D? =3@<B8 7D8B7 =7? CB7??>:D? I =< 9B@LH7D7 K<BF:D>LH7 2 M@D@B@7 J<D?
=7 9<D8F7 AM@D@B<8>:D H8>=7 / P fantomeI,2 E 78 7==7 M@D@B@7 J<D? =< =<F7 J37<H AP
eau
I,2 E! *7?
CB7??>:D? M@D@B@7? J<D? =37<H ?:D8 C:HB =3@8HJ7 HD7 M@D@B<8>:D C<B<?>87! *3H8>=>?<8>:D JH
8B<D?JH87HB 9:<=>?@ <??HB7 HD @<B8 J7 20 J2 7D 9<Q7HB J7 =< M@D@B<8>:D J<D? =7 9<D8F7
LH<DJ >= 7?8 J7 8 J2 C:HB =7 8B<D?JH87HB C=<D! &7 C=H?W =7 8B<D?JH87HB 9:<=>?@ <??HB7
HD7 F7>==7HB7 ?7D?>R>=>8@ LH7 =7 8B<D?JH87HB C=<DW ?:>8 HD7 J@878>:D J7 3 J2 ?HC@B>7HB7!
"TY
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
'7 898:; <= >?=<AB=:A?7 C8B ?7C8B D<:E=B?7?E8B B3898:D8 C=7B <8 >=7:G8 87 =BBDE=7: D7
G=HAGDG C3=GI<A:DC8! *= >?=<AB=:A?7 AGI?B8 A7:EA7BJKD8G87: D78 CAB:=78 87:E8 <8 :E=7BL
CD:8DE 8: <8 EMN8:8DE!
'7O7 <8 P?AH CD :E=7BCD:8DE >?=<ABM I8EG8: C3?Q:87AE <?=<8G87: <8B I=E=GJ:E8B 7?7
<A7M=AE8 B/A CD G=:MEA=D C3M:DC8! *= >?=<AB=:A?7 CD >=AB8=D I8EG8: C3D78 I=E: C3=GM<A?E8E
<= EMB?<D:A?7 <=:ME=<8 C8 R<3AG=S8R ?Q:87D8! ': C3=D:E8 I=E:; <= >?=<AB=:A?7 =HA=<8 A7CDA: D7
E87>?E8G87: C8 <= SM7ME=:A?7 C=7B <8 GA<A8D T =E=:MEAB8E! U8<= =GM<A?E8 <= B87BAQA<A:M C8 <=
G8BDE8 87 =DSG87:=7: <= IE?I?E:A?7 C3P=EG?7AKD8 2 SM7MEM C=7B <3MP=7:A<<?7 I=E E=II?E:
T 8<DA SM7MEM C=7B <38=D; =V=7: <3MP=7:A<<?7!
 !"! #$%&')*&$+ %,- ,./0,--&$+- /$10 2, )212 %,- 3)4/- %, /0,--&$+
%51+ *0)+-%1*,10 6$)2&-7
*= CM?GI?BA:A?7 87 B?GG8 C8 S=DBBA8778B I8EG8: C8 IE87CE8 87 ?GI:8 <= CAB:EAQD:A?7
C3D7 :E=7BCD:8DE >=AQ<8G87: >?=<ABM W2?D ,=:=E  ! "#$; XYY"℄; 87 E8V87=7: T <38HIE8BBA?7
C8 <= CAB:EAQD:A?7 E=CA=<8 C8 <= VA:8BB8 8HIEAGM =D I=E=SE=IP8 "![! '<<8 B38HIEAG8 T <= BDE>=8
C3D7 :E=7BCD:8DE >=AQ<8G87: >?=<ABM B?DB <= >?EG8 BDAV=7:8 /
Vz (r, 0) = V0 ·
N∑
n=1
An · e−Bn(
r
a)
2
e
j
ld
r0
( ra)
2
, \ !""]
=V8 e
j
ld
r0
r2
E8IEMB87:=7: <8 E8:=EC A7CDA: I=E <= ?DEQDE8 r0!
*= ?7CA:A?7 BDE <= BDE>=8 ?7=V8 CD :E=7BCD:8DE 8B: MKDAV=<87:8 C=7B <8 I<=7 z = 0!
.A7BA <8B P=GIB C8 IE8BBA?7 CM:8EGA7MB I8DV87: ^:E8 M:87CDB =D =B C3D7 :E=7BCD:8DE
>=AQ<8G87: >?=<ABM! &=7B 8 =B; B8D<B <8B ?8_A87:B Bn C8 <= CM?GI?BA:A?7 87 B?GG8 C8
S=DBBA8778B B?7: G?CAOMB /
Bn→Bn ± j ld
r0
. \ !"X]
*8B BAS78B − 8: + ?EE8BI?7C87: T D7 :E=7BCD:8DE E8BI8:AV8G87: ?7V8ES8=7: ?`
CAV8ES8=7:!
*= >?7:A?7 C8 CA9E=:A?7 CM:8EGA7M I=E <= CM?GI?BA:A?7 87 B?GG8 C8 S=DBBA8778B 8B:
?GI=EM8 =D G?CJ<8 CMEA: I=E 1PG8EE 8: =<! W1PG8EE  ! "#$; "aab℄! *8B =D:8DEB 8HIEAG87:
"cb
 !"! #$%&' ()#*+,+-.+)' / 0.+1.2+*+$# &' *3+,.4')+' &% (.).,5$)'
-6- *+-#.+)'
78 9:;=>:; ?@ ?>AB8=>:; ?3C; =B8;D?C=@CB 9:87>DE F8B 73@GFB@DD>:; DC>H8;=@ /
DS (y, z, ω) =
−1
(d/R0)

Θ ejk(R0+d) +
a
√
y2 + (z −R0)2
2π
×
∫ 2pi
0
ejkre [|y| sinφ (h−R0)− a |z −R0|] dφ
[|y| sinφ (h−R0)− a |z −R0|]2 + y2 R20 cos2 φ
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d =
√
(z −R0)2 + y2 si D > R0,
ou d = −
√
(z −R0)2 + y2 si D < R0,
re =
√
a2 + y2 − 2ay sinφ+ (z − h)2, I !"PK
h = R0 −
√
R20 − a2.
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